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ABSTRACT 


The  Einstein-Podolsky-Rosen  Paradox  is  stated  and  analyzed 
and  a  critical  analysis  of  some  of  the  different  interpretations 
that  resulted  from  it  is  given. 


Particular  emphasis  is  put  on  Furry's  response  to  the 
Einstein-Podolsky-Rosen  Paradox.  Furry  points  out  that  Einstein, 
Podolsky  and  Rosen  assume  in  their  paper  that  a  physical  system  has 
independently  real  properties  as  soon  as  it  is  freed  from  any  kind  of 
physical  interference.  He  draws  attention  to  the  fact  that  this 
assumption  (i.e.  Assumption  A),  is  "based  on  a  classical  concept  of 
physical  reality.  He  shows  that  certain  results  of  quantum  mechanics 
cannot  "be  reconciled  with  this  assumption,  and  that  in  certain  physical 
situations  such  an  assumption  leads  to  results  which  conflict  with 
quantum  me  chani c  s . 


It  is  argued  that  Furry's  formal  demonstration  that 
Assumption  A  is  actually  untrue  is  based  on  the  faith  that  the 

postulates  of  quantum  theory  hold  in  a  hypothetical  situation  as 

» 

discussed  by  Einstein,  Podolsky  and  Rosen.  A  recent  paper  by  Bohrn 
and  Aharanov  in  which  it  is  claimed  that  an  experiment  of  Wu  and 
Shakncv  can  be  considered  as  empirical  evidence  against  Assumption  A 
is  then  discussed.  Assumption  A  is  restated  in  terms  of  the  Spin 
problem  and  an  analysis  of  the  empirical  and  logical  relationship 
between  Assumption  A  and  Einstein,  Podolsky  and  Rosen's  criterion  of 
physical  reality  (i.e.  C^)  is  given. 

An  examination  of  the  logical  relationship  between  Assumption 
A  and  reveals  that  Assumption  A  is  entailed  by  C^.  It  follows 
that  if  Assumption  A  is  untrue  and  must  be  rejected  if  quantum  theory 
is  correct,  then  C  must  also  be  rejected. 


Ill 


, 


Moreover.,  attention  is  drawn  to  the  fact  that  it  is  on  the 
basis  of  experimental  results  and  on  that  basis  alone,  that 
Assumption  A  and  consequently  C  is  to  be  abandoned. 

However,  since  the  correctness  of  a  theory  does  not 
necessarily  entail  its  completeness  the  question  as  to  whether  or 
not  quantum  theory  is  complete,  is  still  left  open. 

It  is  further  shown,  that  the  orthodox  interpretation  of 
quantum  theory  is  forced  to  adopt  a  new  epistemological  standpoint 
which  compels  it  to  consider  the  wave  function  as  a  complete  descrip¬ 
tion  of  physical  reality.  Therefore  within  the  conceptual  framework 
of  this  orthodox  interpretation,  quantum  mechanical  description  of 
physical  reality  is  assumed  to  be  complete  or  as  complete  as  it  can 
ever  be. 

But  it  is  precisely  this  assumption  which  Einstein, 

Podolsky  and  Rosen  find  objectionable.  Moreover,  this  assumption  is 
trans-empirical  in  nature  since  it  rests  on  the  Phenomenalist ’ s 
dogma  that  what  is  real  is  only  observation  and  measurement.  Therefore 
the  truth  or  falsehood  of  this  assumption  can  only  be  investigated  by 
going  outside  the  conceptual  framework  of  the  orthodox  interpretation 
of  quantum  theory.  This  Bohrn,  Vigier  and  others  attempt’  to  do  by 
seeking  another  interpretation  of  quantum  theory  in  terms  of  hidden 
variable  theories. 

A  qualitative  account  of  Bohrn’ s  interpretation  of  quantum 
theory  in  terms  of  hidden  variables  is  given.  His  methodological  and 
epistemological  reasons  for  attempting  such  an  interpretation  are 
given  suppoft  on  the  basis  of  a  metaphysical  analysis  of  dispositional 
properties  of  matter.  It  is  demonstrated  that  a  Realist’s  account  as 
opposed  to  a  Phenomenalist ' s  account  of  dispositional  properties 
represents  a  good  working  hypothesis  for  scientific  research.  It 
supports  the  methodology  behind  the  line  of  research  undertaken 


IV 


- 

' 


"by  Bohm  and  others  who  find  the  orthodox  interpretation  of  quantum 
theory  inadequate  for  physical,  methodological  as  well  as  epistemolo¬ 
gical  reasons  and  therefore  seek  a  hidden  variable  interpretation  of 
quantum  theory. 
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CHAPTER  I 


AN  EXPOSITION  OF  THE 
EINSTEIN -PODOLSKY -ROSEN  PARADOX 

1 .  Introductory  Remarks 


Einstein,  Podolsky,  and  Rosen  (hereafter  referred  to  as  E.P.R. ) 
argue  that  quantum  mechanics  does  not  provide  a  complete  description 
of  physical  reality,  (l)  Their  argument  rests  on  several  basic 
metaphysical-epistemological  assumptions  about  physical  reality  and 
physical  theories,  which  we  shall  summarize  below.  The  aim  of 
this  chapter  is  to  give  an  exposition  of  their  arguments. 


2 .  Summary  of  E.P.R. Ts  Metaphysical-Epistemological  Assumptions 


A.nd  Criteria  of  a  Physical  Theory^ ^ 

A.  (a)  Objective  Reality  is  defined  as  independent  from 
any  theory  and  the  physical  concepts  with  which 
the  theory  operates. 

(b)  The  physical  concepts  of  a  theory  are  intended 
to  correspond  to  Objective  Reality. 

(c)  It  is  by  means  of  the.se  physical  concepts  that  we 
picture  Objective  Reality  to  ourselves. 


B.  Success  of  8.  physical  theory 

(a)  Success  of  a  physical  theory  may  be  judged  by: 

(i)  its  correctness 

(ii)  its  completeness 
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(b)  Only  if  a  theory  is  "both  correct  and  complete  can 
it  he  said  that  the  concepts  of  the  theory  are 
satisfactory. 

(c)  Correctness  is  judged  ty  the  degree  of  agreement 
between  the  conclusions  of  the  theory  and  human 
experience;  which  in  physics  takes  the  form  of 
experiments  and  measurements. 


L 


' ’ Necessary  Requirement  for  a  complete 
’'Sufficient  Condition  (restricted)  of 


theory”  and  a 
Physical  Reality" 


(a)  Condition  of  Completeness:  Every  element  of  the 
Physical  Reality  must  have  a  counterpart  in  the 
Physical  Theory. 

(b)  Criterion  of  a  Sufficient  Condition  of  Physical 

Reality:  If;  without  in  any  way  disturbing  a 

system;  we  can  predict  with  certainty  (i.e.;  with 
probability  equal  to  unity)  the  value  of  a  Physical 
Quantity;  then  there  exists  an  element  of  Physical 
Reality  corresponding  to  this  Physical  Quantity. 


General  Remarks  About  Measurement  and  Eigenfunctions 


Let  the  wave  function  ^  completely  characterise  the 
state  of  a  given  system;  ^  being  a  function  of  chosen  variables 
that  describe  a  particles'  bahaviour.  Then;  there  corresponds  to 
any  observable  physical  quantity  A  (e.g.  momentum)  an  Hermit ian 
operator  and  a  set  of  eigenfunctions  KQ'  each  of  which  represents 
a  normalised  state  of  the  system  in  which  the  observable  quantity 
A  has  respectively  the  precise;  real  value  a^ .  More  generally;  for 
any  n;  the  expectation  value  of  Sn  in  state  is  given  by 


' 
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<^lAnli)= 


(1) 


For  n  =  1  ¥e  simply  get  the  eigenvalue-equation 

A  fa  '  ct  %  (2) 

in  which  CL  is  the  eigenvalue  of  the  operator  a  and  is  called 
the  eigenfunction  of  the  Physical  Quantity  A  corresponding  to  the 
eigenvalue  &  . 

E.P.R.  then  assert  that  if  the  eigenvalue-equation  (2) 
holds  for  a  particle  being  in  an  eigenstate  ta,  ,  then  according  to 
C(b)  ’’there  is  an  element  of  Physical  Reality  corresponding 
to  the  Ph y s i c a 1  Quant i t y  A,  ”  since  then  the  Physical  Quantity  A  has 
with  certainty  the  real  numerical  value  LX 
_  * 

lf;  for  example,  a  particle  is  described  in  Configuration 
Space  by  the  eigenfunction 


%  w  =  e  * 

to 


*  p.X 


(3) 


the  Hermitian  operator  2  corresponding  to  the  Physical  Quantity  A 
(i.e..  the  momentum  p)  is  given  by  -r  -rv 

i  tyr- 


A  -  $  — 

/i  L  2* 


is  a  general  statement  whose 


operational  content  is  more  generally  expressed  by 


fw  -(f)" 


AVM 

c)*" 


(u) 


If;  as  in  our  example, 
operating  with  A  on  equation  ( 3 ) 


the  particle  has  one  degree  of  freedom, 
results  in  the  eigenvalue-equation 
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therefore  represents 


a  particle  in  this  state 


The  position  of 


just  represented  through 
X.  When  an  observable,  s 
is  given  a  definite  value 
I nde t e rmi na c y  Principle, 

X  must  become  completely 


a  momentum  eigenstate  of  a  particle  and  for 
the  Phys 1 cal  Quantity  A  has  the  value  p  . 

the  particle  in  Configuration  Space  is 
the  independent  numerical  position  variable 
uch  as  irjGur  case  has  the  momentum  p, 

(i.e.,  p  ),  we  already  know  from  the 
that  the  value  of  the  position  variable 
indefinite , 


In  accordance  with  quantum  mechanics  we  can  only 
say  that  the  relative  probability  that  a  measurement 
of  the  coordinate  will  give  a  result  lying  between 
a  and.  b  is  ^  ^ 

P(a,  i) 

Since  this  probability  is  independent  of  a,  but  depends 
only  upon  the  difference  b  -  a,  we  see  that  all  values 
of  the  coordinate  are  equally  probable.  (3) 

Moreover,  the  eigenfunction  of  the  operator  Q  representing 
the  independent  variable  X  in  equation  (  3  )  cannot  be  a  continuous 
function  of  X.  The  eigenvalue -equation  in  which  a  smooth  function 
of  X  if  multiplied  by  a  variable  number  Q  ~  x  does  not  hold.,  i.e. 

df(x)  x  W  /  f  M  (6) 


What  we  need  is  a  function  that  is  multiplied  by  the  same  number 
regardless  of  the  value  of  X,  such  that 


xr'-rf 


(7) 


. 


where  q  is  a  constant.  The  function  which  satisfies  this  requirement 
is  the  Dirac  delta- function  £(^  which  is  (a)  zero  everywhere 
except  at  X  ~  q  and  (b)  is  infinite  at  this  point  but  approaches 
infinity  in  such  a  way  that  its  integral  is  unity,  i.e. 


and 


where 


j  S(x-p  c/x  =  / 


-  oO 


co  l  k  (x-y) 

S(x-f)  =  j  e 


-  cV> 


(8) 


(9) 


From  equation  (  8  )  it  follows  that 

f(?)=  c/x 

where  f(x)  is  an  arbitrary  and  continuous  function. 

lt>p£)  therefore  cannot  give  us  any  information  about  the 
position  of  the  particle.  Position  measurement  will  disturb  the 
eigenstate  resulting  in  different  state  .  More 

generally;  if  is  not  an  eigenfunction  of  a  Hermit ian  operator 

o 

A,  then  the  value  of  the  Physical  Quantity  A  npst  show  some 
fluctuations^  which  are  often  measured  in  terms  of  the  mean  square 
of  the  deviations  of  the  actual  value  from  the  mean,  i.e.; 


or 


<y>  -  ?'(*)[**  -  <A ]  f(*>  W 

if  A  is  the  Physical  Quant ity--positlon 

Cf(*)  [x  -  <x)]2M  °(x  *  (aX)2 


(11) 


(IP) 


—  Cvi> 
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The  fluctuation  is  zero  when  we  choof 


y  such 


that 


A  fa  =  a  fa. 


wnere 


%.  i 


s  an  eigenfunction. 


This  reflects  the  basic  principle  of  the  conventional 
interpretation  of  quantum  mechanics,  that  when,  for  example,  the 
momentum  of  a  particle  is  known,  its  position  coordinate  has  no 
Physical  Reality.  This  is  more  generally  expressed  through  the 
minimum  Indeterminacy  Relationship  between  any  two  Hermitian  operators, 
say  Q,  and  P 

<“ 41  X*  P'>  s  <i(<iP-Pa)>‘  (.3) 


or 


(13a) 


This  relation  results  from  the  non- commutativity  of  the 
canonically  conjugate  variables,  say  p  and  x.  More  generally  letting 
p.,  x.,  respectively  be  the  momentum  and  position  of  the  i 


i 


particle,  we  can  write: 


wnere 


and  where 


( 


=  I  so¬ 


ft  ,  xj 


(ft,  Xj)  -  (z-Xj-Xjfi) 


Sij  - 


0  ;  L  j 


) 


t  -J 


(lU) 


(lHa) 


(lVo) 


Si J  is  defined  in  this  way  to  indicate  that  the  dynamical  variables  of 
different  particles  commute  with  each  other,  since  each  particle 
represents  totally  different  degrees  of  freedom,  and  thus  non-interfering 


' 


. 


p'-  c 
X  o..- 


;e  7 


observables , 


In  Configuration  Space,  the  momentum  operator  is  defined  as 

-  h  jL 

C  <)X/' 


R  =  i 


md  the  x. Ts  are  mere  numbers. 

1 

In  Momentum  Space  the  p. ' s  are  mere  numbers  and  the 
position  operator  is  defined  as 

V.  =  -iJ. 

At-  t  zpi 

However,  for  a  structureless  particle  in  one  dimension,  we  simply  can 
express  the  commutation  relation  as 


(k) 


(p,q)A 


pa  *  qp 


(15) 


Non- commutativity  therefore  means  that  independent  non¬ 
interfering  observations  are  not  possible,  and  this  implies  that 
the  order  in  which  measurements  are  made  is  not  irrelevant. 

From  this  it  follows  according  to  E.P.R.  that: 

Either  M:  the  quantum  mechanical  description  of  Physical 

Reality  given  by  the  wave  function  is  not  complete. 

Or  N:  When  the  operators  corresponding  to  two  Physical 

Quantities  do  not  commute  the  two  quantities  cannot 
have  simultaneous  Physical  Reality. 


E.P.R.  then  construct  a  hypothetical  experiment  on  the 


ch 

the 

y  claim 

to  ha 

ve  proven 

-1  N. 

It 

is 

not  the 

case 

that  when 

operators  cor 

responding 

to 

two 

Physical  Qua 

.ntities  do 

not  commute, 

the  two 

quantities  cannot  have  simultanious  Physical  Reality. 


' 


Pc 
X  Ci. 


crp 
o  ^ 


O 

O 


Therefore  if 
Quantities  would  enter 


-i  N  is  true  then  the  two  non- commuting  Physical 
into  a  complete  description  of  Physical 


Eeadit: 


according 


;o 


the 


conc.it ion  oi 


completeness  A(a).  It  follows 


that,  — i  M  would  imply  that  these  values  are  contained  in  the 
function  and  are  predictable. 

But  Quantum  Theory  usually  assumes  the  following  to 


be  true: 


(-*/*!  A  //) 


(x6) 


E.P.R. 


Starting  then,  with  the  assumption 
claim  to  have  proven  —»  II  to  be  true, 


that  — i  M  is  the  case, 
which  leads  to  —i  L, 


resulting  in  the  contradiction: 

(-’/'i  a  A/)  a  (->A\  =>  -1  /V) 

(-/n  A  A/)  A-ihA  A  AV) 

Z  a  -Z 


t .  Hie  Hypothetical  Experiment 


Let  systems  S  and  Sg  (uncorrelated  before  t  =  0) 
interact  from  t  =  0  to  t  =  T,  after  which  they  cease  to  interact.  By 


and  are  known  prior  to  t 


0, 


stipulation,  the  states  of  3^  — 

Therefore  we  can  calculate  with  Schrodinger ’ s  equation  the  state 
of  the  correlated  Systems  at  t>  T.  If  the  states  at  t<  T  were 
correlated  for  whatever  reason,  then  these  correlations  persist  in 
the  state  function  for  all  time.  In  our  example,  the  correlation 
can  be  calculated  from  the  states  of  and  S2  prior  to  the  interaction 
interaction  of  S]  and  and  the  absence  of  interaction  at  t>  T. 


' 
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After  interaction  has  taken  place,,  the  combined  System 
and  Sg  can  then  "be  expressed  by  means  of  the  biorthogonal  expansion 

=  l  %(**)  Un(x,)  as) 

/■)-i 

where  (Jr\  fa1)  are  the  eigenfunctions  of  a  Hermit ian  operator  P^ 
representing  the  observable  p^  in  . 

Suppose  that  a  measurement  is  performed  on  S, ,  i.e.,  we 


ft  ^ 


me 


operate  on  S  with  P  -'m--  and  the  measurement  yields  th 

1  -L  i  St't 

eigenvalue  jof^ 

Then,  on  the  basis  of  the  principle  known  as  the  "reduction 
of  the  wave  packet",  Unfat)  is  left  in  the  state  0>k  (*'),  and  jjs  (^•l) 
describes  the  state  of  S^. 

If  the  Hermit ian  operator  P^  possesses  a  continuous  set  of 
eigenvalues,  equation  ( l8)  should  be  replaced  by  an  integral 


f  (%,  Xj  =  J  fp  ( X W  ur  M  c/p 


(19) 


—  q£> 


where  the  subscript  "p"  now  denotes  the  continuous  eigenvalue 

» 

spectrum  of  P  . 

Likewise,  if  ve  were  to  operate  on  with  operator 
representing  another  Physi cal  Quantity,  and  Q  too  possess  a 
continuous  set  of  eigenvalues  q,  we  would  get 

f(xvx,j  =  j  \(*i)  Uf  M  °tj 


(20) 


03 


We  see  that  as  a  consequence  of  two  different  measurements 

performed  upon  S-j ,  S0  is  left  with  two  different  wave  functions 

%(Xz)  and  .  But  the  measurements  were  performed  at  t>  T 

i.e.  at  a  time  when  Sn  and  S0  have  ceased  to  interact  and  are 

x 


' 
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merely  correlated  Systems.  In  order  to  avoid  "causal  anomaly"  we 


are  led  to  conclude  that  the  measurements  on  S. 


I  I  -f  *>  '  M 

produce  any  physical  changes  in  Sg.  Consequently  ^  (Xa.) and  /y  (Xy  ) 
must  refer  to  the  sane  Physical  Reality  namely  S0  >  although 
they  are  two  different  wave-functions. 

ver,  ind  to  may  happen  to  be  eigenfunctions 


cannot 


Koreov 


7 


of  two  non- commuting  operators.  This  would  be  the  case  if,  for 

example,  we  let  Q.,  and  P_  be  the  operators  of  S.,  representing  the 

11  -1-  1 

Physical,  Quantities  of  position  and  momentum  respectively. 

For  example^  the  combined  System  and  Sg  may  be 
composed  of  two  particles  whose  position  coordinates  are  and 


Xg  respectively.  If 


oO 


¥(X',Xi)=  **/>[■£  (X,-X*.+  X 


(21) 


— 


where  x  is  an  arbitrarv  constant;  we  may  choose  P_  as  the  operator 
o  '  -  1 

representing  the  momentum  of  the  first  particle.  Since 


Up  (Xi)  -  ex/7^|  px>  J 


(22) 


is  an  eigenfunction  of  P  corresponding  to  the  eigenvalue  p; 
this  implies  that 

^  (X-z)  =  e/.p  f-  j  ( Xj  ~  Xtjy 


(23) 


describes  the  eigenstate  of  Sg,  if  the  operation. with  P^  on 


i elded  the  eigenvalue  p.  The  right  hand  side  of  equation  (23) 

v  ,  i  -j 

!:x  —  ro  corresponding  to  the 

(■  4*2, 


now  the  eigenfunction  of  the  operator 


eigenvalus  -p  of  the  momentum  of  S0 


t 
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Si  as  Q  , 
equations 


On  the  other  hand  if  we  choose 
its  eigenfunction  according  to 
roust  have  the  following  form: 


the  position  coordinate 
previous  discussion  and 


of 


U*  (X/)  ~  cf  (X,  ~~  x) 


where  the  eigenfunction 
i/hence 


corresponds  to  the  eigenvalue  x. 


a,  £(*,  -x)  =  x  Ux,  -  xj 


(25) 


and  we  get 


or 


f  (X'jXi)  =  J  Ux  (X/)  cJx 

-  co 

c 

=  J  %(**)  S(X,-y)e/x 


J 

-  oO 


(26) 


(27) 


From  this  it  follows  that  according  to  equation  ( 10) 

_  00 

%  (**)  =  f  (X  ,  Xj  =  J  etfjj  (X  -  Xj  +  X ojpj  dp  (28) 

oO 

Substituting  equation  ( 28)  into  equation  ( 27)  we  get 

+  X0)pJ S  (X>  -X)  dxjdp(29) 


%(*•!)=  J  **p[f(x~x*  '+x°)f’]cfc  -  h  & (x-x*,  +  xc)  (30) 


■ 
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we 


can  now  write  equation  (29)  as 


f(*'M=hJs(x-Xt  +Xe)g(X,-X)ctx 


(31) 


Therefore 


%  (Xj.  )  -  ¥  (X  j  Xx )  -  h  (f  ( x  -  +-  X  o  ) 


(32) 


describes  Sp  if  a  measurement  of  position  in  yielded  the  value  x. 
But 


%  (Xa)  =  h  S(X  ~  X*  +X») 

(h  =  X., 


is  the  eigenfunction  of 


(33) 


corresponding  to  the  eigenvalue  x  +  x^,  i.e.  the  position  coordinate 
of  Sp. 

Thus,  although  Q  and  Pp  do  not  commute,  it  was  possible, 
without  in  any  way  disturbing  Sp,  to  deduce  the  precise  values  of 
the  non- commutative  Ph y s i c: a  1  Qua nt i ties,  the  position  and  momentum  03 
S«. 


Therefore,  according  to  E.P.R.’s  criterion  of  Physical 


Reality,  there  exists  an  element  of  Physical  Reality  in  S  which 
corresponds  to  the  exactly  calculated  values  of  position  and  momentum 


of  S 


'2  * 

In  fact,  these  values  of  Sp  must  have  existed  just  prior  to  the 
measurements  of  the  values  (position  and  momentum)  of  ,  since  in 
view  of  the  absence  of  any  interaction  at  t>T,  the  measurements 
on  could  not  have  affected  Sp  in  any  way.  To  assert  the  contrary 
would  lead  to  a  "causal  anomaly".  Thus  ~t  N  is  claimed  to  be 


proven . 
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It  is  clear  however,  that  we  cannot  ever 
learn  of  the  values  of  position  and  momentum  of  Sp, 
would  require  us  to  measure  the  momentum  and  posit! 


simultaneously 
since  to  do  so 
on  of  S 


s i mu It a n e ou  s ly . 


criteria  E 
argue  that 


Therefore,  on  the  basis  of  their  own  assumptions  and 
:.P.R.  do  not  violate  the  Indeterminacy  Principle,  and  the 
one  need  not  insist  that 


0:  two  or  more  Physical  Quantities  can  be  regarded  as 
simultaneous  elements  of  Physical  Reality  only  when 
they  can  be  simultaneously  measured  or  predicted .  ,  r 


If  one  would  insist  on  0  one  would  make  ' 
such  Physl ca.1  Quantities  as  position  and 


the  Physical  Reality  of 
momentum  of  Sp  dependent 


on  the  measurement  process  of  itself.  But  any  operation  on 
S  at  t>  T  cannot  physically  affect  S^.  Therefore  the  deduced 
values  of  momentum  and  position  must  be  simultaneously  present 
in  Sp  and  constitute  Physical  Reality  according  to  c(b) 


_ 


■ 


CHAPTER  II 


EXPOSITION  OF  FURRY'S  RESPONSE  TO  E.P.R. 


1.  Introductory  Remarks 


Furry’s  paper  of  November  1935  (l)  is  a  response  to  E.P.R.’s 
paper  of  March  of  that  year.  Furry  points  out  that  in  their  paper, 
E.P.R.  assume  that  a  physical  system  has  independently  real  properties 
as  soon  as  it  is  freed  from  any  kind  of  physical  interference.  He 
draws  attention  to  the  fact  that  this  assumption  is  based  on  a 
classical  concept  of  physical  reality.  He  shows  that  certain 
results  of  quantum  mechanics  cannot  be  reconciled  with  this  assumption, 
and  thet  in  certain  physical  situations  such  an  assumption  leads 
to  results  which  conflict  with  quantum  mechanics. 

To  discuss  Furry’s  paper  it  is  convenient  to  restate  his 
results  in  the  language  of  state  vectors  and  statistical  operators 
in  Hilbert  Space. 

2.  The  Statistical  Statements  of  Quantum.  Theory 


In  quantum  theory,  the  states  of  a  system  S  are  represented 


by  state  vet 


ictors  (  I  IX  >,..•) 


in  Hilbert  space.  Physical 


quantities  of  variables --that  is  measurable  quantities --are  represented 
through  Hermitian  operators  (Bj  •  4 c  of  the  Hilbert  space  HS 
associated  with  the  system  S.  Moreover,  a  set  of  vectors  is 

orthonormal  if  and  only  if  (fini  Sil'tl  ;  and  a  set  of  orthonormal 

vectors  is  also  complete  if  and  only  if  for  any  vector  in  Hilbert 
space,  there  exists  at  least  one  set  of  scalars  ^~nj  such  that 
J  (jjy  ~  Tn  I (p il/'  •  A  set  of  vectors  of  H  which  is  both 

orthonormal  and  complete  is  called  an  orthorormal  basis  set.  He  shall 
call  such  a  set  a  c.o.n.  set,  where  "c.o.n.  is  an  abbreviation  for 
"complete,  orthogonal,  and  normal".  Furthermore,  in  Hilbert  space 

l4 


■ 

, 
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all  c.o.n.  sets  of  vectors  contain  an  infinite  number  of  orthonormal 
vectors,  making  Hilbert  space  infinite  dimensional. 

Furry  distinguishes  between  two  alternative  ways  of 
expressing  our  statistical  information  about  a  system: 

(a)  The  expectation  values  /"  of  all  observables  of  a  system. 

(b)  The  probability ~U(a) that  an  arbitrary  eigenvalue  /\  of  an 
arbitrary  observable  se  will  be  obtained. 


Digression:  Some  definitions  are  in  order. 

A  pure  state  is  an  eigenstate. 

A  mixed  state  is  a  superposition  (linear)  of  eigenstates. 

A  statistical  mixture  or  ensemble  of  states  is  a  collection  of 
states  (pure  or  mixed). 

End  of  Digression 


These  two  types  of  statistical  information  may  be  obtained 
in* two  kinds  of  physical  situations  in  which: 

(i)  We  have  an  ensemble  or  statistical  mixture  of  possible 
state  vectors  / 0c/ >  an&  are  the  respective  probabilities  of  a 
system  being  in  states  /fit}  •  The  weights  oeu  are  real  and  satisfy 
the  conditions  !  and  0-  —  /  .  Furthermore,  we  shall 

presuppose  that  the  state  vectors  are  normalized;  however,  their 
orthogonality  will  not  be  presupposed,  i.e.  (4  c  I  }  ^  0  •  The 

statistical  state  representation  is  therefore  given  by  the  density 
operator: 


A  L  V  \<k 


(3'|) 


If  the  vector 
r epr e s  ent i ng 


/%> 


are  eigenvectors 


>ome  physical  quantity  or 


eigenvalues 


then 


r 

u)(  . 

0  <■ 


u 


of  some  arbitrary  operator 
dynamical  variable  having 


(3Jia) 


represents  an  ensemble  of  definite  eigenstates,  and  the  realization 


' 
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of  each  eigenstate  j i  /  in  the  ensemble  of  distinct  eigenstates 

'  / 
is  associated  with  the  respective  probability  60^' 

(ii)  A  system’s  state  is  expressed  through  a  single  state 
vector  /<*>  which  is  a  linear  combination  of  w>  ,  that  is 
/ (fi'y  —  L  ^ 0 ^  where  ftOi)  L  are  certain  numerical 

coefficients  (in  general  complex).  We  have  here  an  application  of 
the  principle  of  superposition.  Its  applicability,  as  we  shall  see, 
sharply  differentiates  the  probabilistic  aspects  of  quantum  theory 
from  those  of  classical  mechanics.  The  statistical  state  representation 


in  this  case  is  given  by 

In) 


which  represents  each  system  as  being  in  a  definite  state. 

Let  us  apply  (a)(i),  (a)(ii),  (b)(i),  (b)(ii)  to  a  one 
component  system  S. 

(a)(i):  What  is  the  expectation  value  of  an 

observable  If  in  the  case  of  a  statistical  mixture?  According 
to  the  statistical  statements  of  quantum  theory,  <*>  for  the 
state  is  given  by 


(X  >;  -  (tilzti 


(36) 


These  results  have  to  be  averaged  over  the  ensemble  with  the  weights 

/ 

CO  i  ,  so  that  in  total  we  get  for  the  expectation  value 


* 


Page  17 


where 


P, 


Si.  nee 
we  cs 


(!) 

1/  =  2  <'  W  (P/*;> 

an  express  in  ‘terns  of  the  density  operator 

<X?=  T,  (w’g) 

r  ^  ft/  a-  ^  r 


(<’)  (38) 

\^/  ,  i .  e . 

(39) 

(40) 


It  is  to  "be  noticed,  particularly  from  equations  ( 37  ) 
that  we  take  the  average  over  the  statistical  mixture  of  the  expectation 
values  <£?>,•  ,  and  not  over  the  states  ( 000  .  The  mixture  is 

therefore  an  incoherent  superposition  of  pure  states.  The  various 
j 000  do  not  interfere  with  one  another. 

(a)(ii):  The  hypothesis  of  linear  superposition  states 
that  if  (0/  and  and.  .  .  (0)£  are  possible  vavefunctions, 

then  any  linear  combination  of  them  is  also  a  wavefunction.  That 


is,  0  -  0Ll 


Writing 


5  / <00  ~  /Z  c  (CJ0  ve  get 


or  the  expectation 


value  of  an  arbitrary  ouerator 


■»  according  to  equation  (35  ) 


& 


( 4la ) 


(4lb) 


r>  00 

=  J  0*%<j>dT 

—  oO 


(4lc) 
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The  expectation  values  7^7  and  7^7  are  not  equal 
due  to  the  interference  terms  of  the  probability  amplitudes  which 
arise  for  the  statistical  operator  W  ,  because  th<=  ri 
principle  applies. 


superposition 


(b)(i):  On  the  basis  of  the  above  discussion  it  is 
easily  seen  how  to  obtain  the  probability  of  discrete  eigenvalues  A  , 

i .  e .  ~JJ  (A  )  for 


Case  ',oC) : 


til  (h 

Wf>'jre  =  V/f  -  =  (  (ft t(f>y  ) 


(42) 


Case 


M  (if 

\a/ srux  gJ  lVw 


(43) 


with  0  —  i-di  ^  j 


Also,  0  —  J1  (/X  )  —  / 


and  X.  i  ^ 

;  \f  A  &  X 


However,  bef  ore  we  consider  (b )  ( i )  ( cC  )  and  (b)(i)(^5*  ) ,  some 
very  sketchy  remarks  about  the  usual  interpretation  of  the  measuring 
process  in  quantum  theory  are  in  order. 

In  a  classical  situation  the  measurement  of  physical 
quantities  such  as,  for  example,  position  and  momentum,  need  not, 
in  principle,  alter  the  state  of  the  classical  system  under  observation, 
It  is  therefore  reasonable  to  make  the  ontological  assumption  that 
the  values  of  the  quantities  to  be  measured  exist  both  before  and 
after  the  measurement.  In  principle,  at  least,  a  classical  measurement 
on  a  classical  system  does  not  disturb  the  state  of  the  system. 

Of  course,  there  are  many  physical  situations  where  a  classical 
measurement  does  alter  the  state  of  a  classical  system,  and  as  a 


j  „ 
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consequence  the  results  of  predictive  and  retrospective  measurements 
will  not  always  coincide.  (2)  But  the  distinction  "between  retrospective 
and  predictive  measurements  in  a  classical  theory  is  less  crucial 
than  in  quantum  theory,  since  in  a  classical  situation,  the 
disturbance  of  the  system,  as  a  consequence  of  the  interaction  with  the 
measuring  device  can  either  be  physically  and  quantitatively  accounted 
for  (at  least  in  principle)  or  made  negligible. 

Before  a  quantum  mechanical  measurement  of  a  physical 


of  the 


quantity  represented  by  an  Hermit i an  operator  cC  ,  one  cannot 
generally  say  with  certainty  which  particular  eigenvalue 
many  possible  eigenvalues  will  be  obtained,  unless  one  knows  before 
the  measurement  has  taken  place,  that  the  state  vector  has  the 
direction  of  an  eigenvector  corresponding  to  the  eigenvalue  /A  ,  that 
belongs  to  ££  .  (for  sake  of  simplicity  we  will  usually  assume 

the  eigenvalues  to  be  non-degenerate,  that  is,  we  will  assume  that 
to  every  eigenvalue  belongs  exactly  one  eigenvector. ) 

If  before  a  measurement,  /$ /  lies  in  the  direction 
/ Ua  /*  }  then  the  measurement  of  c^f  will  give  with  probability 
equal  to  unity  (at  least  in  principle--in  practice  errors  of 
measurements  must  always  be  taken  into  account)  the  eigenvalue  /\  , 

i.e.  77(a)-/. 

To  see  this  we  multiply  the  eigenvalue  equation 
a!Ua y  by  some  arbitrary  eigenvector.  Since 
hermit ian,  i.e.Jjf^Jg  ,  we  get 


is 


(ua^Ua)  =  A  <A'}ua)  - 

(A  UA'I  UA)  =  A*<Ua'  I 


(44a) 


Therefore 


(. A-A*)<Ua'\Ua >  =  0 


1 
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md 


(A-A'*)I<U*'  /«,>/'-  o 


(41ft) 


If 


A  =  A  „ 


re  conclude  smc 


e  //  UA  H  =  |/<tt  /  6/a0  '  f 


the  eigenvalues  of  Hemiitian  operators  are  real,  i.e.  A  —  A  , 
/^UA'\ UA}/Z=  SaA  implies  /  ■ 

Digression:  If  the  eigenvalue  A  is  4a  ~  fold  degenerate, 
then  the  eigenvalue  equation  is  satisfied  for  one  eigenvalue  A 
through  several  linearly  independent  eigenvectors 

•IT  v  /  V  \ 


that 

and 


,nd 


o00 j  A  /  U \  /  )  for  'O’  —  ‘  t  A 


Then 


<o/i  u/y 


is  not  necessarily  equal  to 


I 


O’  XT 


but  it 


is  always  possible  for  cases  of  degenerate  eigenvalue  problems  to 
introduce  orthonorraal  eigenvectors  J  ,  such  that 

<Uf  I  U/\‘  y  ~  S  A  A  St? or  is  satisfied  by  using  the  Schmidt 
orthogonalization  procedure.  (3) 

End  of  Digression 

As  was  pointed  out,  one  can  never  be  sure  before  the 
completion  of  a  measurement,  whether  or  not  / 00  lies  in  the 
direction  of  a  particular  eigenvector  / (J00  ,  (or  whether/^/*  lies 
in  Hilbert  space  U  A  in  case  of  degeneracy) .  We  can  know  however 
with  certainty,  immediately  after  a  measurement  has  been  completed, 
and  a  measured  value  A  obtained,  that  the  direction  of  the  state 
vector  now  lies  in  the  direction  / U s00 

Suppose  immediately  after  an  exact  and  successful  measurement 
the  value  A  is  obtained.  Then  the  initial  state  vector  / 00 
has  been  transformed  in  such  a  way  during  the  interaction  between  the 
object  and  the  measuring  device,  that  immediately  after  such  a 
measurement  is  completed,  f$0  has  been  transformed  into  /0  0  ~~  ! ^A 0 
Messiah  calls  this  "(non- causal)  change  of  the  vavef unction  by  the 
measurement  process  the  filtering  of  the  wave  packet.”  (4) 


1 
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If  we  imagine  the  first  measurement  to  be  immediately 


repeated,  then  it  is  necessary,  if  measurements  in  quantum  theory  do 
have  any  physical  meaning  at  all,  that  the  second  measurement  yields 
[  at  least  in  principle,  c.f.p.19  J  with  certainty,  i.e.  with 
~)jf/\)  !  the  value  A  .  (c.f.  Chapter  IV  p.  69  for  a  fuller 

discussion  of  this  point) 

This  implies  that  an  exact  and  successful  measurement  of 
the  eigenvalue  /\  i  ,  whether  it  is  a  predictive  of  retrospective 
measurement,  must  always  result  in  a  numerical  value  corresponding 
to  one  of  the  possible  eigenvalues  A 

Furthermore,  if  a  successful  and  exact  individual  predictive 

measurement  yields  Ac  and  is  followed  immediately  by  an  exact 

/ 

retrospective  measurement  which  yields  /\  i  ,  then  the  results 
of  the  two  measurements  must  agree,  that  is,  Ai  ~  Ac 

The  initial,  statevector  will  transform  uioon  a  successful 
measurement  into  the  direction  of  the  many  possible  eigenvectors 
which  belong  to  o£  .  Which  direction  cannot  be  known  with 
certainty  according  to  the  usual  Interpretation  of  quantum  theory 
because  of  the  essentially  uncontrollable  interaction  between  the 
measuring  instrument  and  the  object  of  measurement.  It' is  a  matter 
of  probability  statements  which  can  be  expressed  mathematically 
as  follows: 

If  we  make  a  large  number  Y)  of  measurements  on  systems 
which  are  prepared  so  as  to  be  in  the  same  dynamical  state  at  the 
instant  of  measurement  and  record,  the  number  tl  (^)  of  these 
experiments  which  result  in  the  value  A  ,  then  the  probability 


that 


A 


will  obtain  i: 


1UA 


f/yn 


y\  (A) 

n 


, 
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It  follows  that  the  expectation  value  is  given  by 

"AM  =1  11(a)  A 


(46) 


A 


(b)(i):  For  any  observable  the  eigenvectors  / ^ A^) 

form  a  complete  set  and  therefore  must  be  taken  as  orthonormal. 

Case  (cC  ):  J]  (A)  ~  <^/^>  ^  “  Tr  (  \/^  0] yA>) 

im*  '-(%  nJ-/w am 


(U) 


Ca 


se  (p  )  rjj  (a)  -  (P/UAy  y  ~  I r 


in 

»i  (ft/  u, 


A, 


=  I  V/<A  /«,)A-  2  VVM 


(48) 


where 


Tk  (*)  *  I  u/>l* 


Analogous  to  the  previously  discussed  case  in  which  we  took 
the  average  over  the  mixture  of  the  expectation  values 
(c.f.  equation  37  ).>  the  quantum-theoretical  probabilities 

~jj ^  ^A  )  now  are  averaged  over  by  the  weights  GJC"  of  the  mixture. 

The  above  result  could  also  be  derived  using  equation  (  46 ), 

-I  71(a) A  . 


i .  e . 


A 


i1  or 


case(  f3  )  we  reason  as  follows: 


=  2  71  (A) a  =/  co7JU(a)a 

A  /A 

aerafore  /./:  /  a  Y  aaa  '  / ./  aO 


-2 


La7. 


<0=1  4l  (H  ua,){um  I  a ■  j  a  ){uA  jf j  ■> 

6  KJ  J  J  a 


(51) 


<^>142  <J>J  UM)  Aj  $jk  <UAjl0 [■) 


K 


5 J 


'J 


<*> I  K&  I  %>!' * 


k 


L.K 


which  must  be  equal  to  equation  ( 46  ),  i.e. 
It  follows  immediately  that 


o 


A 


J1(A)  =X;  UJ-)<(IJUA)I 


2 


(52) 


/A 


Moreover,  equation  ( 50  )  expresses  again  very  clearly  the 
difference  between  and  (c.f.p.17  ).  The  quantum 

mechanical  calculations  for  expectation  values,  i.e.  2  ,  are 
performed  by  means  of  probability  amplitudes  and  lead  to  interference 
terms  of  the  latter,  whereas  the  calculations  for  consist 

in  taking  the  average  over  the  mixture  of  the  expectation  values 
(ok by  means  of  the  weights  ^  ,  and  do  not  result 
in  interference  terms. 


I 
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(b)(ii):  The  density  operator  is  given  by 


4 


Reduction  of  the  Havepacket 


Furry  states,  (referring  to  von  Neumann's  Math enat i s ch e 
G-rundlagen  der  Quantenmechanik,  p.  167-8)  that  for  any  wave  function 
of  two  systems 


S^-  and  ^  'which  have  at  some  previous 


time  interacted  and  have  now  ceased  to  Interact,  there  always  exist; 
an  expansion  which  is  in  general  unique,  in  the  form 


Aa  ,,,,/  70*  '^/4  (5) 


(54) 


In  the  language  of  state  vectors  we  write  equation  (  54  )  as 

K 

where  {W>}  and  f/O  are  set 


ets  of  c.o.n.  eigenstates  of  o. 


I 


( 54a) 


(in  Hilbert  space  H^)  and  (in  Hilbert  space  H^)  respectively. 
Moreover,  I  lies  in  Hilbert  space  H  =  ®  Tne 

sets  and  are  eigenstates  of  observables 

(corresponding  to  eigenvalues  Xk)  and  (corresponding  to  eigen¬ 
values  )  respectively. 
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According  to  equations  (5*0  the  statistical  information 

I  XI 

we  have  of  S^.  and  is  W  and  w  respectively,  where 

t*  {w  )  -  w  =  x ^>k  1  1  (55) 


K 


r/( 1/1  =2 


* 


r  i  11  i 

L  Tr  and  Tr  are  the  operations  of  taking  the  trace  in  H  and 
respectively J  . 

A  measurement  of  either  or  ^  on  t! 


(56) 


Spill  according  to  equation  (  5k  ) >  always  give  us 


ne  composite  system 

^  of  Sd 

corresponding  to  of  0^  ,  or  of  corresponding 

to  /0  of  if  .  Making  therefore  a  measurement  of  if  on 


S  enables 

I 

observable 


us  to 

01 


predict  with  certainty  the  eigenvalue  of  the 
of  Sj-j.  since  immediately  after  the  measurement  of 


tn  x+n 


reduces  to 

i;i  i+k 

V,  - 


and 


C)x  <i>n 

ir/f  ®  ^  ®  ?y (58) 

/  (1  /  J1  \  r  _  /  ^  X +  H  \  '-1 

T -  ( hj  =  Ti  ft  "  ( ^  ^ >] 


(59) 
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Furry  concludes  that  equation  (54  )  shows  that  the  coupling 
between  S_  and  has  "been  such  as  to  make  S^-  a  suitable  instrument 


I  II  ~I 

for  measuring  the  observable  (fu  on  S  the  physical  quantity  c5> 
serving  as  a  "pointer  reading".  (6) 

This  may  mean,  for  example,  that  we  interpret  S  as  a 

I 

measuring  instrument  and  as  the  object  to  be  measured.  Then 
the  interaction  between  S^.  and  constitutes  a  measuring  process, 
and  the  ceasing  of  this  interaction  (for  example  by  "disconnecting" 
or  "isolating"  the  measuring  instrument  from  the  object)  constitutes 
in  part  the  completion  of  the  measurement.  To  complete  the  measuring 
process  we  take  a  further  step,  a  reading,  and  the  quantity  <S?  of 
may  then  serve  as  a  "pointer  reading",  telling  us  something 


about 


5ir 


"In  any  measuring  process  actually  used, "  Furry  says, 

"the  biorthogonal’  expansion  .  .  .  jequation  (54  jj  is  unique, 
and  the  experimenter  concerns  himself  only  with  the  observable  and 
’pointer  reading*  which  belong  to  this  expansion.  This  Assumption 
A  Fc .  f .  p  2 Q>J  is  a  perfectly  safe  working  hypothesis.  "(7)  However, 
the  contradictions  which  he  wishes  to  investigate,  "can  be  brought 
out  only  by  going  beyond  the  considerations  given  in  connection 
with  [equation  (  ^4 )J  •  We  may  either  look  for  particular  cases  in 
which  the  expansion  ^equation  (54  )J  is  not  unique--e.g.  the  example 
given  by  S.P.R.,  .  .  .  or  develop  a  way  of  interpreting  expansions 
of  a  less  special  type . "  (0) 

Now  the  more  general  method,  of  "reducing  the  wave  packet" 
is  made  use  of,  for  example,  in  a  situation  where  and  S^T  are 
two  correlated  systems  that  are  after  some  time  of  interaction  isolated 
(say  spatially),  such  that  the  interaction  between  them  is  negligible 
and  for  all  purposes  zero.  But  the  interaction  is  such  that  the  state 
of  the  composite  system  may  be  given  by  either  of  at  least  two 
alternative  expansions  of  orthogonal  functions.  Writing  these  expansions 
in  terms  of  state  vectors  in  Hilbert  space  we  get 
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(60) 


JZ 


(oOa) 


—  /P  a.nd  /r?  may,  for  example,  be  eigenfunctions  of 
momentum  of  Sj  and  S^_  respectively,  corresponding  to  the  observable 

,  and  j Gfj-  '/'  /  /  Vct  /  'jv-  '--‘-i-v 


y  may  be  eigenfunctions  of  position  ol 


and  S  -j.  respectively  corresponding  to  the  observable  S. 


In  equation  (5k  ) 


(61) 


is  a  vector  in  II  ,  the  Hilbert  space  associated  with  S^.  Taking 
the  scalar  product  of  both  sides  of  equation  (  60)  we  get 


Whence  it  follows  that 
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•V .  Probability  Calculations  in  Terms  of 
Method  A  and.  Method.  3 

Furry  distinguishes  between  what  he  calls  Method 


and 


Method  E.  He  uses  these  methods  to  calculate  the  probabilities  of 
eigenvalues  welch  may  be  obtained  from  in  a  few  separate  cases. 

Besides  the  observables  As  and  (As  (which  have  a  special 
significance  through  their  connection  with  equation  (54  ),  he 
considers  two  other  arbitrary  observables  (jK,  s)  ft  ft) 

with  eigenvalues  yU  ^  O'  and  corresponding  eigenvectors  /  l/y 


respectively. 


cr. 


Method  A  is  based  on  a  definite  view  of  physical  reality 
which  E.P.R.  hold.  This  view  rests  on  the  assumption  that  once  a 
system  is  free  from  any  significant  mechanical  interference,  it  has 
independently  real  properties.  Furry  formulates  this  assumption  as 
follows:  (the  division  of  points  is  nine) 

Assumption  A  and  Method  A 


(Ai) 


We  assume  that  during  the  interaction  of  and 
each  system  made  a  transition  to  a  definite  state  m 
which  it  now 
and 


S-j.  in  one 


is,  ST  being  in  one  of  the  states  fSP.^y 
2  of  the  states  ' 


(Aj):  These  transitions  are  not  cans  ally  determined,  and  there 
is  no  way  of  finding  out  which  transition  occurred, 
except  by  making  a  suitable  measurement.  In  the 
absence  of  measurements  we  know  only  that  the  probabilities 
of  the  different  transitions  are  respectively  cute  and 


that  if  3^  i 
state 


s  111  'one 


state  S 


/Jte>  l  c-f-  e<iua" 


ion 


II 


is  in  the 

(A)J 


This  provides  a  sufficient  basis  for  making  all  needed 
calculations  of  probabilities,  the  methods  being  those 
of  ordinary  probability  theory.  (9) 
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It  is  clear  that  according  to  Assumption  A  the  statistical 
state  representation  most  he  of  the  type  \/>>  (c.f .  equation  34a  ) 
which  represents  an  ensemble  of  definite  eigenstates.  Thus  for  the 
composite  system  S-j-j.jj 


(» 

W  =  W' 


XI „'/<« 


Method  3:  Quantum  mechanically  we  reason  as  follows: 
Given  equation  (  So) ,  then  after  a  measurement  on  ST  has  given  the 
value  yCC  for  o^/L  , 


I 

S„  is  in  the  pure  state  with  'state  vector 


given- -apart  from  normalization- -by  equation  (  63).  Then  the 
probability  of  finding  the  eigenvalue  o  for  some  arbitrary 


observable 


J  £  & l )  in 


Sir  i.e. 


li(6i/)  >  is  gi 


ven  by 


(65) 


where 


is  the  eigenvector  of  the  observable 


corresponding 


to  some  physical  quantity  having  eigenvalue 


S 


Furry  now  proceeds  to  show  the  agreement  and  disagreement 
between  Method  A  based  on  Assumption  A  and  Method  B  based,  on  quantum 
mechanical  formalism.  For  the  cases  (a), (b); (c)  both  methods  give 
identical  results.  However,,  for  case  (d)  a  formal  discrepancy 
arises  and  is  a  consequence  of  the  fact  that  in  Method  3  the 
superposition  principle  applies  giving  rise  to  interference  terms 
between  probability  amplitudes. 


Case(a):  If  S,  having  eigenvalues  O'  and  eigenfunctions 

withou 
at  i  s 
?  (10) 


__  °7<j' 

is  measured  on  Sj^  without  any  measurements  having 
been  made  on  'what  is  the  probability  of  obtaining 
the  result  Q* 
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Since  we  are  only  concerned  with  ST  ,  the  statistical 

V  ,<‘Vir  iJ- 

information  of  S_T,  i.e.  \y  tr 1 


Therefore 

(;)  c  +  jJ 

=  I: 


W m  ' r  \  YY 


J  J.  r  jj.  I 

{V»  ) 


( tz 


L'nu: 


ji(<r) »  t,[t; 


It)  T+JI 


rn 


/?£>] 


k  10 * 


X  /  cp  Jl  \  I* 
Cr  / 


(66) 


Both  methods  therefore  yield  identical  results. 

Case(t) :  If  ££  has  teen  measured  on  S_  and  the  value  A  £  , 

obtained,  what  is  the  probability  of  finding  the  value  O' 


’or  S  in  S  ?  (ll) 


cur+R 


: sen  bat i on  V/>k 


The  statistical  state  representation  VY  m  of  ST,TT  prior 


to  the  measurer  ent  reduces  to 

(;/  J  +  ;jr  th  I  '><  jJ 


v ; 


/ 


Wf  ®  Vf  =  (P/<pk)  ®  P/x/o 


after  the  —  measurement,  (c.f.  remarks  following  equation  54  ) 

Tiierefore 


Again  both  methods  give  identical  results. 

If  S  —  fit  we  get  equation  (  19  )  provided  that  O"  ~  /O  c 

✓  // O  JT  /  y?  '£  \  /  A  C  .  ' 

I ? O' ~ we  can  also  write  /\^Jyo(l / S/°' 


"so  that  a  definite  result  is  predicted  says  Furry.  He  continues: 
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The  possibility  of  such  definite  predictions  was  taken 
by  E.P.R.  as  a  'criterion  of  the  physical  reality* 
of  the  observable  (R.  ;  it  is,  par  excellence,  the 
bit  of  evidence  which  might  incline  one  to  believe 
Assumption  A  to  be  true.  ( 12 ) 


Cel 


ase  (c):  If  uAj  has  been  measured  on  and  the  value  yd 
obtained,  what  is  the  probability  of  finding  the 
value  /<>  C  for  (R,  in  STT?  £  in  other  words  we  want 


to  know 


tts) 


Method  A:  As  in  Case (a),  we  are  ir 


n  view  01 


only  concerned  with  ST.  Therefore 

,  Am  1 

i.e.  IV hi  ,  is  given  because 


SX’ 


the  states 


Tli  us 


the  statistical  information  of 
of  equation  (  34)  as  a  mixture  of 
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/ 

obta 


i  ron 


Method  B:  If  iAC  hap 


s  been  measured  on  S. 


.inedj  S^_  is  in  the  pure  state  with  state 
normal i za t i on - -by 


and  the  value 
vector  given- - 


which  is  the  same  result  as  thai 


of  Method  A. 


Case  (d):  If  has 

obtained;  what 
(j"  for  S  in 


been  measured  on  ST 
is  the  probability 


and  the  value 
of  finding  the  value 


(70a) 
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r-?tie  statistical  state  representation  a 


or  s 


HIT 


is  given  (because  of  Assumption  A)  by  \*/  i.e.  equation  (  57) 
Therefore 


i'  ■-  u 


fill 


m 


11  (/A  cr)  =  uk  K  y 


when  S 


is  in  the  particular 


k  we  get 


with  S  when  we 


are,  as  in  Case(a)  and  Ca.se(b)  only  concerned 
calculate  ien 

I*  /  /A  27  I  rr  \  U 
u 


Therefore  for  all 


H  (&!*’)  = 


Method  B: 

yiL  for  all  c At 


After  a  raeasurerr.ent  on  S  has  given  the  value 
,  S_-j-  is  in  the  piece  state  with  state  vector 


given- -apart  from  normalization- -by  equation  (  ^9  ) 


i  .  e , 


(71) 


Upon  norma]  i  z  i  ng  we  get 


I 
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Then  (c.f.  equation 6 5  and  discussion  of  Method  B  p.29  ) 


Furry  concludes: 


Tiie 


difference  between [equation  (  71  )1  and  /equation (  72  )\ 
comes  from,  the  well-known  phenomenon  of  "interference"  between 
probability  amplitudes.  The  absence  of  such  an  effect 
in  [Cases  (a), (b),and\(c)  where  either  one  or  both  of 
or  S  is  equal  to  oh  fl.  respectively^  ...  is 
usually  stressed  in  discussions  of  the  theory,  since  it 
shows  plainly  the  effect  which  the  mere  attaching  of  an 


instrument  must  in  general  have  on  the  behaviour  of  a 
system.  Since  case  (d)  ^neither  isil  nor  S  is  respectively 
the  same  as  or  is  not  mentioned,  it  is  possible 

for  a  reader  to  form  the  impression  that  the  theory  is 


consistent  with  Assumption  A. 

The  formal  discrepancy  between  [equation (  71  )jand 
[equation^  72  )]  is  a  consequence  of  the  fact  that  .  .  . 
after  a  measurement  of  on  system  I  has  been  made 
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system  II  is  in  a  pure  state*  which  is  in  general  not 

U  ^  i.  J 

one  of  the  S/M  •  how  no  possible  manipulation  of 
the  OJf<  will  produce  from  the  statistics  of  the  mixture 
those  of  any  pure  state  other  than  one  of  S'/ k  .  Thus 
not  only  is  Method  A  inconsistent  with  Method  13,  but  also 
there  is  no  conceivable  modification  of  method  A  which 
could  produce  consistency  between  Assumption  A  and 
Method  B.  (l5) 


o 


CHAPTER  III 


EMPIRICAL  AND  LOGICAL  RELATIONSHIP 
BETWEEN  E.P.R. »s  CRITERION  OF  PHYSICAL  REALITY 

AND  ASSUMPTION  A 


1 .  I  it t  roductory  R  ema  r  k  s 


In  a  letter  to  the  editor,  March  2,  193^,  Furry  clarifies 
and  reaffirms  his  position  in  response  to  t wo  papers  by  Erwin 
Schrodinger  also  published  in  1935*  (l)  In  particular  Furry  points 
out  three  important  properties  of  Assumption  A: 

Apl:  The  corresponding  picture  of  the  situation  is  in  full 

accord  with  our  habitual  attitudes,  and  is  the  one  we  use 
in  ordinary  practice. 

Ap2 :  The  predictions  derived  from  Assumption  A  for  the  sorts 
of  cases  which  actually  occur,  cases  (a),  (b),  (c), 
agree  exactly  with  those  of  Quantum  Mechanics. 

Ap3 :  In  more  general  cases,  realizable  in  principle  according 

to  the  postulates  of  the  theory,  case  (d)  ,  there  is 
flat  contradiction  between  the  formulas  given  by  Assumption  A 
and  those  of  Quantum  Mechanics.  Therefore  Assumption  A 
is  actually  untrue.  (2) 

Notice  that  the  conclusion  of  Ap3  is  actually  a  declaration 
of  faith  in  quantum  theory,  since  in  Furry' s  time  no  experiment 
had  shown  that  the  postulates  of  quantum  theory  are  valid  in  an 
E.P.R.  type  situation  where  the  systems  are  separated  by  a 
large  distance.  Therefore,  the  conclusion  of  Ap3,  that  Assumption  A 
is  actually  untrue  is  based  on  the  faith  that  the  postulates  of 
quantum  theory  hold  in  an  E.P.R.  type  situation.  More  specifically, 
Furry  assumes  that  the  formulation  of  the  many-body  problem 
in  quantum  theory  does  not  break  down  in  a  fundamental  way  when 
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Sj  and  S^-j.  are  separated  by  macroscopic  distances. 

Realizing  this,  the  formal  discrepancy  between  equations 
Il(  ?1  )  and  Il(  7^  )  is  just  that,  a  formal  discrepancy,  and 
Furry’s  demonstration  of  the  same  merely  shows  that  Assumption  A 
stands  in  conflict  with  Method  B.  Method  B  ,  however,  is  based 
on  a  quantum  mechanical  formalism  for  the  many-body  problem  which 
had  in  Furry' s  time  only  been  experimentally  verified  for  atomic 
distances . 


Furry’s  faith  in  quantum  theory  and  the  unilateral 
correctness  of  its  postulates  was  not  shared  by  Einstein  who, 
on  the  contrary,  proposed  "that  the  current  formulation  of  the 
many-body  problem  in  quantum  mechanics  may  break  down  when 
particles  are  far  enough  apart."  (3)  Einstein's  faith  in  turn 
rests  on  a  definite  conception  of  physical  reality.  He  says: 

But  on  one  supposition  we  should,  in  my  opinion, 
absolutely  hold  fast:  the  real  factual  situation  of 
the  system  S2  is  independent  of  what  is  done  with 
the  system  Sq,  which  is  spatially  separated  from  the 
former  .  .  .  the  real  situation  of  S2  must  be  in¬ 
dependent  of  what  happens  to  Sq  .  .  .  (One  can 
escape  from  this  conclusion  only  by  either  assuming 
that  the  measurement  of  Sq  (telepathically)  changes 
the  real  situation  of  S2  or  by  denying  independent 
real  situations  as  such  to  things  which  are  spatially 
separated  from  each  other.  Both  alternatives  appear 
to  me  entirely  unacceptable.)  (4) 

However,  according  to  Method  B  the  state  assigned  to 
Sjj  is  dependent  on  the  physical  history  of  Sj.  Why?- -Because 
quantum  mechanical  formalism  was  applied,  and  was  assumed  to  be 
true  for  an  E.P.R.  type  situation,  and  case  (d)  was  therefore 
assumed  to  be  realizable  in  principle  at  least. 

The  formal  discrepancy  between  equations  11(71  )  and 
Il(  72)  arises  because  of  two  incompatible  assumptions.  This  is 
what  Furry  has  shown  formally  most  eloquently  for  case  (d). 


Hooker  puts  it  this  way: 


What  Furry’s  work  does  is  draw  attention  to  the 
fundamental  fact  that  the  forms  appropriate  to  our 
description  of  the  world  are  intimately  related  to  the 

conception  we  have  of  the  reality  to  he  described. 

"(The  converse  is  also  true;  the  conceptions  we  form 

of  reality  are  intimately  related  to  the  descriptive 
forms  which  we  find  to  be  experimentally  successful) .( 5) 

In  a  recent  paper  Bohm  and  Aharonov  (6)  claim  that  an 
experiment  of  Wu  and  Shaknov  (7)  (on  the  correlation  of 
polarization  of  annihilation  photons)  can  be  considered  as  empirical 
evidence  against  Assumption  A.  Its  empirical  results,  so 
they  claim,  show  that  the  many-body  Schrodinger  equation  does  not 
break  down  in  an  E.P.R.  type  situation  where  two  once  interacting 
systems  are  separated  such  that  by  hypothesis,  any  interaction 
between  them  becomes  negligible. 

According  to  the  above  mentioned  authors,  this  does 
not  resolve  the  so  called  E.P.R.  paradox,  but  rather  strengthens 
the  ''paradoxicality"  of  a  now  physically  realized  E.P.R.  Gedanken- 
experiment.  The  Wu- Shaknov  experiment  prevents  us  from  escaping 
the  E.P.R.  paradox.  It  eliminates  the  possibility  which  Einstein 
had  hoped  for,  namely  to  treat  two  non-interacting,  spatially 
separated  systems  classically,  through  the  use  of  statistical 
mixtures  in  the  classical  sense.  It  prevents  us  therefore  from 
escaping  the  non-local  features  of  quantum  theory  implied  by  the 
Superposition  Principle  even  in  a  case  where  the  separation 
between  ST  and  S  ^  is  macroscopically  arbitrarily  large. 

The  above  remarks  will  have  to  be  examined  more  closely. 

We  shall  do  this  by  giving  an  account  of  Bohm’ s  reformulation  of  the 
E.P.R.  paradox  and  restate  Assumption  A  in  terms  of  the  same. 


' 

2«  Bohm's  Bef ormulation  of  the  k.P.R,  Paradox 


Bohin1 s  reformulation  avoids  the  involvement  of  continuous 
dynamical  conjugate  variables  such  as  position  and  momentum.  He 
considers  a  situation  in  which  only  discrete  physical  quantities 
such  as  spin  eigenvalues  are  involved;  a  situation  more  easily 
manageable  experimentally. 

If  we  consider  a  diatomic  molecule  of  total  spin  zero,, 
each  of  whose  atoms  has  spin  one-half;  then  the  wave  function  of 
the  system  is  given  by 


%  [%(i)t(E )-  t(i)%(E)] 


where  and.  %  (JT)  are  wave  functions  representing  the 

j- 

atomic  states  of  particle  A  having  snin  +  -p  and  particle  B 

_  t  ^  * 

having  spin  q-  respectively. 

We  now  suppose  that  the  diatomic  molucule  is  separated 
by  some  force  that  breaks  the  relatively  weak  bond  of  the  molecule; 
but  in  such  a  way  that  the  total  spin  is  not  disturbed;  that  is; 
no  torque  is  exerted  on  either  atom.  After  particles  A  and  B 
have  separated  enough  and  interaction  between  them  has  ceased;  we 
can  measure  any  desired  spin  component;  say  of  particle  A,  by 
detecting  the  motion  of  particle  A  in  an  inhomogeneous  magnetic 
field.  To  be  more  specific;  the  measurement  of  a  spin  component 
may  be  performed  by  observing  whether  the  particle  emerges  with  an 
upward  or  downward  deflection  from  a  Stern-Gerlach  experiment. 

Since  on  account  of  equation  (  73)  the  total  spin  will 
remain  zero  after  separation  of  particles  A  and  B;  |_i.e.,  e.g. 

S  (A)  =  -S  (b)-  no  torque  was  exerted  on  either  atom!  the  two 

z  z  3 

systems  are  correlated  for  all  times  in  such  a  way  that  whenever  we 


I 


' 
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take  a  measurement  of  any  of  the  possible  spin  components  of  A, 
say  z ,  we  can  immediately  conclude  that  B  also  has  a  z  -  spin 


component  that  is  equal  but  opposite  to  that  of  A. 

However,  the  Indeterminacy  Principle  does  not  allow  us 
to  measure  more  than  one  spin  component  of  either  system  at  any 


given  time.  The  components  of  the  spin  in  another  direction,  once 


we  have  chosen  the  coordinate  on  which  the  net  spin  is  to  be 
measured,  must  remain  undetermined.  Suppose  the  z  -  component  of 
a  particle  is  definite;  then  the  x  and  y  components  are  indefinite, 
and  we  may  regard  them  more  or  less  to  be  in  a  kind  of  ’’random 
fluctuation. " 

The  possibility  of  being  able  to  determine  only  one 
component  of  a  physical  system  at  any  given  time  is  foreign  to  a 
classical  conception  of  physical  reality.  From,  a  classical 
point  of  view,  each  of  the  spin -components  of  particle  A  would 
enjoy  the  ontological  status  of  a  well  defined,  existing  physical 
quantity.  Particle  B  likewise  would  have  all  components 
simultaneously  but  equal  and  opposite  to  those  of  particle  A  at  any 
given  time,  provided  conditions  of  symmetry  are  conserved  throughout. 

But  the  crucial  issue  of  the  spin  example  is,  in  spite 
of  the  restrictions  of  the  Indeterminacy  Principle,  that  no 
matter  what  spin  component  of  parti cla  A  we  shoose  to  measure,  the 
spin  component  of  particle  B  will  always  have  a  definite,  equal 
and  opposite  spin  component  to  the  measured  spin  component  of 
particle  A. 

From  equation  (  73  )  we  can  also  write: 


- 


where 
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fa.  =  lfa>®/^)-  %(l)t(M) 
fa ,  -  /  fa r>  ®  /  fa*)  =  t  (l)  t  (x) 


is  an  interference  property  of  both  Yf  -  and  (/).. 

The  only  states  in  which  each  particle  has  a  definite  spin  opposite 
to  that  of  the  other  particle,  are  represented  either  by  (j)  +  - 


or 


fa 


separately.  That  is,  after  a  measurement  of  a 


certain  spin  component,  ^  reduces  to  either  (P.h  ^  or  y 

and  the  total  angular  momentum  expressed  by  ,  i.e.  equation 

(  73),  before  the  measurement  is  now  indefinite.  On  the  other  hand, 
before  a  measurement,  the  state  of  the  system  is  given  by  and 

the  angular  momentum  is  definite  but  neither  particle  can  correctly 
be  regarded  as  having  a  definite  value  of  its  own  spin,  for  if  it 


■f  - 


and 


did,  there  could  be  no  interference  between 
and  it  is  just  this  interference  which  is  required  to  produce 
a  definite  total  angular  momentum.  (8) 


fa 


Bohm  and  Aharonov  point  out  (9)  that  the  usual  inter¬ 
pretation  of  the  Indeterminacy  Principle,  as  a  consequence  of 
the  essentially  uncontrollably  interaction  between  object  and 
measuring  device  makes  perfect  sense  when  measurements  are 
performed  on  a  single  system.  In  such  a  case  one  spin  component 
becomes  definite  whereas  the  others  become  indefinite.  Before  a 
measurement  all  the  spin  components  are  in  some  sort  of  fluctuation 
and  any  one  component’s  definiteness  is  an  "incompatible 
potentiality"  that  may  be  actualized  through,  a  suitably  oriented 
measuring  apparatus. 

But  according  to  Bohm  and  Aharonov,  (lO)  this  interpretation 
of  the  Indeterminacy  Principle  falls  down  for  an  E.P.R.  type  situation 


1 
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which  requires: 

p(a):  That  the  two  particles  do  not  interact  significantly 

E(h):  Consequently,  the  measuring  device  interacts  with  only 
one  system  at  a  time. 

If  Doth  E(a)  and  E(b)  are  satisfied,  then  the  usual  interpretation 
of  the  Indeterminacy  Principle  is  unsatisfactory  for  two  reasons: 

(1)  It  does  not  explain  why  particle  B  (which  does  not  interact 
with  A  or  with  the  measuring  apparatus)  realizes  its  potentiality 
for  a  definite  spin  in  precisely  the  direction  as  that  of  A. 

(2)  It  cannot  explain  the  fluctuation  of  the  other  two  components 
of  the  particle  B  as  the  result  of  disturbance  due  to  the 
measuring  apparatus,  (ll) 

To  explain  the  above  situation  by  postulating  some  sort 
of  hidden  interaction  potential  between  particles  A  and  B  is 
unsatisfactory  for  two  reasons.  Firstly,  an  explanation  in  terms 
of  a  hidden  interaction  potential  between  particles  A  and  B  and  the 
measuring  device  is  outside  the  scope.,  of  current  quantum  theory. 
Secondly,  such  a  hidden  interaction  potential: 

.  .  .  would  have  to  be  instantaneous,  because  the 
orientation  of  the  measuring  apparatus  could  very 
quickly  be  changed  [  %  is  invariant  under  spatial 
rotation,  c.f.p.  39J  and  the  spin  of  B  would  have  to 
respond  immediately  to  the  change.  Such  an  immediate 
interaction  between  distant  systems  would  not  in 
general  be  consistent  with  the  theory  of  relativity. 

This  result  constitutes  the  essence  of  the  paradox 
of  Einstein,  Podolsky  and  Rosen.  (l2) 

Digression:  Bohm's  and  Aharonov's  second  objection  to  the  postulate 

of  a  hidden  interaction  potential,  seems  somewhat  irrelevant  since, 
because  of  equation  (  73  )  we  are  dealing  from  the  very  outset  within 
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the  framework  of  non-relativistic 
therefore  that  the  postulate  of  a 
unsatisfactory  because  it  conflict 


quantum  theory.  Their  objection 
hidden  interaction  potential  is 

s  with  relativity  is  misleading 


and  without  force. 


Moreover,  since  the  E.P.R.  paradox  and  Bohm’s  reformulation 
of  the  same,  is  an  appeal  to  what  we  consider  physically  plausible 
or  reasonable,  the  word  "paradox”  as  used  in  the  above  context 
ought  to  be  understood  in  terms  of  its  original  meaning  rather 
than  in  terms  of  the  more  precise  meaning  given  to  it  in  logic. 

In  its  original  sense,  the  word  "paradox"  implies  an  embracing  of 
conflicting  ideas.  Its  Greek  root  (para-doxon)  denotes 
something  unexpected,  something  contrary  to  common  sense.  In 
general,  a  paradox  is  any  conclusion  that  goes  against  generally 
accepted  opinion  but  has  an  argument  to  sustain  it.  Quine  remarks: 


The  argument  that  sustains  a  paradox  may  expose  the 
absurdity  of  a  buried  premise  or  of  some  preconception 
previously  reckoned  as  central  to  physical  theory,  to 
mathematics,  or  to  the  thinking  process.  Catastrophy 
may  lurk,  therefore,  in  the  most  Innocent- seeming 
paradox.  More  than  once  in  history  the  discovery  of 
paradox  has  been  the  occasion  for  major  reconstruction 
at  the  foundations  of  thought.  (13) 

However,  one  may  object  from  the  very  outset  and  argue 
that  there  is  nothing  paradoxical  at  all  about  the  E.P.R.  type 
situation  or  Bohm’s  reformulation  of  the  same.  One  is  of  course 
always  free  to  argue  that  way,  provided  one  has  good  reasons  to  do 
so.  A  case  in  point,  for  example,  would  be  to  reject  Assumption  A, 
and  with  it  its  property  Apl  (c.f.p.  3^) .  But  as  will  be  seen,  the 
rejection  of  Assumption  A  adds  to  the  "paradoxicality"  of  the 
physical  phenomena  in  question,  precisely  because  it  appears  that  we 
must  reject  Assumption  A  and  therefore  Apl,  that  is,  our  habitual 
attitudes  which  are  based  on  a  classical  conception  of  physical 
reality. 
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The  rejection  of  Apl,  which  necessitates  the  adoxrtion  of 
some  new  epistemological  criterion  for  that  which  can  he  called 
physically  real  is,  for  some  physicists,  not  burdensome  at  all. 

They  simply  give  up  their  "habitual  attitudes"  when  it  comes  to 
certain  issues  in  microphysics  and  tend  to  ignore  those  scientists 
who  do  have  difficulties  in  rejecting  Apl.  To  simply  eliminate 
Apl  as  a  matter  of  convenience,  is  unsatisfactory  both  from  a 
scientific  as  well  as  from  a  philosophical  point  of  view,  unless  the 
rejection  of  Apl  is  supoorted  by  physical  and/or  philosophical 
arguments,  as  for  example  in  the  case  of  Bohr. 

One  may  further  attempt  to  avoid  the  paradox  by  arguing 
that  we  are  dealing  here  only  with  harmless  correlations.  This  is, 
as  Hooker  points  out  "an  admittedly  attractive  position  .  .  .  but  .  . 
this  view  is  factually  as  well  as  conceptually  inadequate  for  the 
situation."  ( Ik )  He  continues: 


The  really  key  consideration  here  is  not  what  a 
catalogue  of  experimental  results,  by  itself,  can  tell 
us,  but  what  the  theory  tells  us--and  the  theory  tells 
us  that  the  quantum  states  change  depending  on  what  is 
being  measured.  What  should  be  decisive  here,  even  for 
tough-minded  empiricist  physicists,  is  that  the 
differing  conceptions  of  the  physical  reality  in  these 
situations  lead  to  objectively  different  statistical 
results.  (l5) 


In  a  footnote  he  enlarges  his  remarks  by  saying: 

Physicists,  especially,  are  apt  to  draw  attention  to 
the  allegedly  unproblematic  probability  relations 
involved  in  just  the  experimental  results  (of  the  common 
cases  only  .  .  .  )  f Hooker  is  referring  here  to  Furry’s 
cases  (a),(b),(c)J  because  they  tend  to  share  a 
positivist  bias  towards  downgrading  the  significance  of 
theory  as  a  serious  element  in  physical  understanding; 
only  experimental  results  are  supposed  to  count. 

Of  course,  if  one  practices  their  approach  severely 
enough,  any  theoretical  problem  whatever  can  be  solved. 
But  this  is  essentially  an  uninteresting  and  implausible 
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position  to  adopt  ...  I  am  therefore  not  tempted, 
for  example,  to  take  very  seriously  the  confused  and 
extremely  positivistic  criticisms  by  Beitehberger 
fon  the  So-Called  Paradox  of  Einstein,  Podolsky  and 
Hosen  IL  MJOVO  CIMENTO,  Yol.  XXXVII,  ETo.  Ij  of  those 
who  take  the  quantum  paradoxes  seriously.  (l6) 


Furthermore,  one  may  also  attempt  to  remove  the  paradox 
on  purely  formal  grounds,  without  however  being  overly  concerned 
about  what  happens  physically,  and  how  it  is  possible  that 
physical  phenomena  correspond  to  quantum  mechanical  formalism 
and  visa  versa.  For  example,  Hooker  has  this  to  say  about 
Jauch's  formalistic  approach  to  the  spin-problem: 


Jauch's  theory  further  tells  us  that,  for  any  given 
direction,  after  a  measurement  has  been  made  the  final 
state  of  the  particles  (for  spins)  of  photons  (for 
polarizations)  is  a  mixture  representing  one  of  the 
possible  outcomes  (spin  +  £  }  -  ,h  and  so  on.). 

All  of  this  is  fine  and  beautifully  consistent.  What 
it  does  not  even  begin  to  explain,  but  merely  takes  for 
granted,  is  how  on  earth  changing  the  direction  in 
which  the  spin  (or  polarization)  measuring  instrument 
is  to  act  on  one  of  the  component  states  succeeds  in 
bringing  the  spin  (or  polarization)  state  of  the 
other  component  into  agreement  with  it,  when  the  second 
component  is  completely  physically  Isolated  (interaction 
potential  zero)  from  the  former  component.  One 
wants,  not  a  formal  explanation  of  the  situation,  but  a 
physical  account  of  how  it  comes  about.  One  wants  the 
situation  to  be  made  physically  plausible.  (17) 

End  of  Digression 


Since,  however,  the  conditions  E(a)  and  E(b)  of  an  E.P.R. 
type  situation  have  not  been  realized  experimentally,  in  other 
words  the  many-body  equations  of  Schro’dinger  and  Dirac  have  not  been 
tested  under  conditions  E(a)  and  E(b),  we  may  still  conclude  that 
there  Is  no  empirical  evidence  that  the  physical  phenomena  of  an 
E.P.R.  type  situation  satisfying  conditions  E(&)  and  E(b)  will  really 
turn  out  to  be  paradoxical. 


If  it  should  turn  out  experimentally  that  the  many -body 

•  • 

Schrodinger  and  Dirac  equations  will  break  down  under  conditions 


E(a)  and  E(b),  then  the  E.P.R,  Thought - experiment  is  physically 
realized  but  in  such  a  way  as  to  render  Assumption  A  as  physically 
valid.  Tnen  the  probability  calculations  of  certain  spin  values 
could  legitimately  be  carried  out  according  to  classical  probability 
theory,  since  then  each  spin  state  belongs  to  an  ensemble  of 
individual  spin  states,  where  each  spin  state  is  independent  from 
any  other  spin  state,  and  thus  constitutes  a  well  defined  state 
in  the  classical  sense,  endowed  with  real  and  well  defined  properties . 

That  is,  the  physical  phenomena  of  an  E.P.R.  type  situation  would 
then  not  be  paradoxical  at  all. 

If,  on  the  other  hand,  it  should  turn  out  experimentally 

« # 

that  the  Schrodinger  and  Dirac  equations  of  the  many-body  problem 
do  not  break  down  under  conditions  E(a)  and  E(b),  then  Assumption  A 
would  not  only  be  formally  inconsistent  with  Furry's  Method  B, 
but  would  also  have  to  be  rejected  on  physical  grounds  and  would 
break  down  for  Furry's  case  (d)  both  formally  as  well  as  empirically. 


3.  Assumption  A  Restated  in  Terns  of  the  Spin  Problem 


Assumption  A  in  terms  of  the  spin  problem  can  be  stated 
as  follows:  After  the  state  of  spin  zero  decomposes,  the  wave 
function  ^  for  the  total  system  is  eventually  no  longer  given 

"by 


[%m  t  Or) 


"which  implies  the  puzzling  correlations  of  the  spin  of  the  two 
atoms",  but  we  assume  that  in  each  individual  case,  the  spin  of 
each  atom  becomes  definite  in  some  direction  while  chat  of  the 
other  atom  is  opposite."  (l8)  Then  the  wave  function  will  be  either 
the  product  (j)^  or  (/)__+  .  That  is,  (using  in  part  Bohm  and 
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Aharonov’ s  notation) 


4  =  4,~  -  %oAl)  twin) 

4  =  4-+  -  4~B<p(£)  , 

v/n  0i  0 

for  example  is  a  wave  fun  ction  of  particle  A  whose  spin 
is  positive  in  the  direction  given  ty  Q  and 


According  to  Assumption  A  each  particle  goes  into  some 
unpredictable,  but  classically  well  defined  state.  The  "fluctuations" 
of  the  other  two  spin  components  of  particle  A  are  now  uncorrelated 
to  those  of  particle  B. 


Although  Assumption  A  entails  the  breakdown  of  the 
conservation  of  the  total  momentum  for  a  particular  instance,  it 
is  possible  to  retain  spherical  symmetry  and  angular  momentum 
conservation  in  the  statistical  sense  if  we  require  uniform 
probability  for  any  direction  of  &  and  in  a  large  number 

of  similar  cases. 


However,  since  on  the  basis  of  Assumption  A  there  is  no 
guarantee  that  we  will  always  find  S  (A)  T  Sr  (b)  =  0  for  every 
single  case,  we  can  no  longer  speak  of  a  precise  correlation  between 
arbitrary  spin  components  of  particles  A  and  B  for  every  case. 

Therefore  "our  decision  to  choose  a  certain  direction  for  measuring 
the  spin  of  particle  A  will  have  no  influence  whatever  on  the  state 
of  particle  B"  (l9),  since  is  just  the  product  fy-t-  or  ^--V- 
c.f. equation  (  7^  )  •  This  means  with  respect  to  Furry's  case  (d) 

that  without  having  made  a  measurement  on  either  system,  we  know  only 
that  the  probabilities  of  the  different  transitions  of  S^-  and  S^ 
are  respectively  w,  such  that  if  S-j.  is  in  the  spin  state  (a)  then 
Sjj  is  in  the  spin  state  S^B).  Therefore  all  further  probability 
calculations  can  be  performed  by  methods  of  ordinary  probability  calculus. 


, 
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11  •  Logical  Relation  Between  Assumption  A  and  E.P.R.’s  Criterion 

of  Physical  Reality 

What  is  assumed  here,  according  to  Furry  is  "the  independent 
existence  of  two  entities"  (20),  (i)  the  state  of  SIX  and  (ii)  one’s 
knowledge  of  S-^with  only  one’s  knowledge  of  (But  not  the  state 
of  Sj-j.  itself)  Being  affected  By  measurements  made  on  S^. 

Thus  classical  probability  theory  applies  and  we  do  not 
have  to  reckon  with  interference  terms  of  probability  amplitudes, 
escaping  therefore  the  non-local  features  of  quantum  theory  implied 
by  the  Superposition  Principle. 

But  what  Furry  shows  is,  as  Hooker  puts  it,  that  the: 

.  .  .  reduction  of  the  wave  packet  on  measurement  is 
a  real,  physical,  and  significant  change  because  the 
physical  properties  of  the  composite  system  are  different 
from  those  of  the  corresponding  mixture;  therefore 
the  system,  and  a  fortiori  its  components,  cannot  be 
regarded  as  being  in  a  mixture  both  before  and  after  a 
measurement  .  .  .  (21 ) 


Now  if  it  were  the  case  that  Assumption  A  correctly 
applies  to  an'E.P.R.  type  situation,  then  the  E.P.R.  paradox  would 
no  longer  exist,  since  we  would  than  be  faced  with  a  classical 
situation  in  which  two  independent  non-interacting  systems  with 
well  defined  properties  are  correlated--but  in  such  a  way  that  only 
our  knowledge  of  S.^  would  be  affected  by  measurements  made  on  S-j-, 
a,nd  not  the  state  of  S....,-  itself. 


Clearly  the  decision  as  to  whether  or  not  we  are  nonetheless 
faced  with  a  paradox  depends  upon,  whether  or  not  Assumption  A  is 
physically  justified.  Bohrn  and  Aharonov,  as  was  mentioned  in  the 
beginning,  claim  that  the  Wu-Schaknov  experiment  can  be  considered 
as  empirical  evidence  against  Assumption  A,  and  constitutes  empirical 
proof  that  the  paradoxical  aspects  of  quantum  theory  described  by 
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E.P.R.  represent,  real  properties  of  matter."  They  show  that  the 
"Wu  Shaknov  experiment  on  the  polarization  of  the  annihilation 
radiation  of  positronium  provides  an  experimental  confirmation  of 
the  features  of  quantum  mechanisms  which  are  the  basis  of  the 
E.P.R.  paradox."  (22) 

That  is,  the  Wu- Shaknov  experiment  shows  that  Assumption  A, 

1 1 

namely  that  the  many-body  Schrodinger  and  Dirac  equations  break 
down  in  a  fundamental  way  at  macroscopic  distances,  is  false.  They 
state : 


.  .  .  we  calculated  the  results  of  the  Wu-Shaknov 
experiment  according  to  the  Furry  hypotheses  Assumption  A 
with  all  possible  assumptions  concerning  the  polariza¬ 
tion  states  which  the  system  separates,  and  we  have  shown 
that  they  are  all  inconsistent  with  the  results  of 
the  experiment  (which  were  already  known  to  agree 
within  experimental  error  with  the  predictions  of 
the  quantum  theory.)  (23) 

does  not  breakdown  for  macroscopic  distances,  the  unique  correlation 
remains,  and  so  does  the  "paradoxical  behaviour  of  matter"  in  a 
now  physically  realized  E.P.R.  type  situation  and  Furry’s  Method  3 
is  the  correct  way  to  calculate  the  probabilities  for  case  (d). 

The  Wu-Shaknov  experiment  has  added  to  the  paradoxicality 
of  the  E.P.R.  Gedanken- experiment  in  two  ways:  It  is  a  physical 
experiment  corresponding  to  the  E.P.R.  thought- experiment,  and 
it  shows  that  Assumption  A  must  be  rejected  also  on  physical 
grounds. 


Two  questions  arise  immediately:  Firstly,  is  the  Wu- 
Ahaknov  experiment  empirically  conclusive?  Secondly,  assuming  it  is, 
does  the  rejection  of  Assumption  A  necessitate  us  also  to  reject 
E.P.R. ’s  criterion  of  physical  reality? 


■ 
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In  response  to  the  first  question.  Hooker  remarks  that 
Bohm  and  Aharonov: 


.  .  .  used,  for  example,  the  quantum  mechanical 
scattering  formula  to  obtain  the  scattering  probab¬ 
ilities  for  these  definite -state  photons  .  .  . 

The  Wu-Shaknov.  experiment,  therefore,  only  falsifies 
an  E.P.R.  type  reality  assumption  against  the  back¬ 
ground  of  the  remainder  of  quantum  mechanical  methods  . 
.  .  It  has  nothing  to  say  concerning  the  possibilities 
when  quantum  theoretical  methods  are  abandoned  in 
a  more  radical  way.  Thus  it  would  only  bear  upon  a 
hidden  variable  theory  that  not  only  determined  the 
photon  polarizations,  but  also  retained  the  scattering 
formula.  But  such  a  theory  is  implausibly  close  to 
quantum  theory  anyway.  The  next  weakest  class  of 
theories  is  that  considered  by  Bell,  who  postulates 
merely  that  in  the  E.P.R.  type  cases,  the  theory  is 
local  ...  In  this  case  there  is  no  reason  to 
retain  the  quantum  methods  of  calculation  and  in  fact 
Kasday  has  succeeded  in  constructing  a  hidden  varia.ble 
model  of  the  Wu-Shaknov  situation  which  abandons  the 
quantum  mechanical  scattering  formula  and  which 
yields  the  correct  experimental  result.  (24) 


Yet,  in  physical  situations,  e.g.  Furry’s  case  (d),  in 
which  discrepancies  arise  between  quantum  mechanical  methods  and 
classical  methods,  experimental  results  favour  quantum  mechanical 
methods  over  methods  based  on  a  classical  conception  of  physical 
reality. 


We  must  be  willing,  therefore,  to  give  an  affirmative 
answer  to  the  first  question,  keeping  in  mind,  however,  as  was 
pointed  cut  by  Hooker,  the  relative  strength  and  weakness  of  the 
Wu-Shaknov  experiment  "in  order  to  understand  its  relations  to 
hidden  variable  theories  and  other  experimental  possibilities. "  (25) 
But  this  makes  the  second  question  even  more  crucial. 


Whether  or  not  the  rejection  of  Assumption  A  entails  the 
rejection  of  E.P.R.1 s  criterion  of  physical  reality  depends  upon  whether 
or  not  E.P.R. fs  criterion  of  physical  reality  entails  Assumption  A. 


' 
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A  closer  examination  of  E.P.R. fs  criterion  of  physical 
reality  examined  within  the  context  of  the  special  E.P.R.  type 
situation  reveals  that  it  does  indeed,  together  with  some  additional 
minor  assumptions,  entail  Assumption  A,  i.e.  (Ai),  (Aj),  (Ak)  (c.f.p.28 

We  restate  E.P.R.'s  criterion  of  physical  reality: 


:  If,  without  in  any  way  disturbing  a  system,  we  can 
predict  with  certainty  (i.e.  with  probability  equal 
to  unity)  the  value  of  a  physical  quantity,  then  there 
exists  an  element  of  physical  reality  corresponding 
to  this  physical  quantity.  (2o  ) 


Applying  to  the  sx^ecial  E.P.R.  type  situation  (c.f. 
Chapter  Ip.  8  )  we  reason  as  follows:  S  and  interact  from 
t  =  0  to  t  =  T  but  separate  in  such  a  way  that  at  t  >  T,  q  =  Q 
relative  to  an  arbitrary  position  coordinate  x  ,  and  p  =-P.  We 
can  then  predict  with  certainty  the  value  Q  of  S^.  and  visa  versa. 
Similarly,  a  measurement  of  p  on  S^.  at  t  >  T  allows  us  to  predict 
with  certainty  -P  of  and  vice  versa. 

We  are  able  to  predict  with  certainty  (i.e.  with  probability 
equal  to  one)  the  values  of  the  respective  physical  quantities 
without  disturbing  the  system  to  which  they  belong,  because  it  is 
assumed  that  after  ST  and  ^  have  separated  no  physical  interaction 
exists  between  them  at  t  >  T,  Furthermore,  as  is  evident,  the 
correlation  between  and  S  is  one  of  symmetry.  These  conditions 
are  satisfied  for  all  time  t  >  T. 

Since  for  t  >  T  Sj  and  are  in  definite  though 
unknown  states,  "we  cannot,  however,  calculate  the  state  in  which 
•either  one  of  the  two  systems  is  left  after  the  interaction.  This, 
according  to  quantum  mechanics,  can  be  done  only  with  the  help  of 
further  measurements.  .  (27) 

From  this  it  follows  that  Cb  entails  (Ai),  i.e.  each 
system  made  a  transition  to  a  definite  though  unknown  state. 


' 
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Secondly, the  state  in  which  either  one  of  the  two 
systems  is  left  after  the  interaction  can  be  discovered  according 
to  quantum  theory  only  by  further  measurements.  This  entails 


(A  j ) . 


Thirdly,  the  requirement  of  no  interaction  between  and 
S-j-j,  and  the  fact  that  and  S  ^  are  in  definite  though  unknown 
states,  allows  us,  when  not  knowing  which  states  they  are  in,  to 
make  use  of  ordinary  probability  calculus  for  all  necessary  calculations. 
Therefore  (Ak)  is  implied,  if  we  grant  the  assumption  that  only 
classical  probability  theory  is  appropriate  here. 

Thus  it  has  been  shown  that  Assumption  A  is  entailed  by 
for  the  sx)ecial  E.P.R.  type  situation,  for  which,  according  to 
Furry,  Assumption  A  is  a  perfectly  good  working  hypothesis. 

«4 

However,  Schrodinger  rejected  Assumption  A  but  accepted 
E.P.R. ’s  criterion  of  physical  reality.  But  Furry  correctly  points 
out  about  Schrodinger: 


Since  he  agrees  with  the  underlying  assumption  of 
E.P.R.,  he  is  careful  to  introduce  no  a  priori 
"doubtful"  element  into  his  thesis.  Thus  he  rejects 
.  .  .  Assumption  A,  and  ends  with  taking  as  his 
criterion  of  "reality"  just  that  of E.P.R.  (28) 

M 

Furry  quotes  Schrodinger  as  saying: 


The  "real"  properties  of  the  "free"  system  are  the 
values  of  those  observables  whose  values  could  be 
predicted  "without  in  any  way  disturbing  the  system 


U 


(29) 


Furry  continues : 


On  this  basis  one  can  give  interesting  considerations 
only  about  certain  degenerate  situations,  such  as  that 
chosen  as  an  example  by  E.P.R.  (3°) 
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Furry  now  makes  the 


following  claims 


regarding  C  : 


C^(pl):  It  is  in  the  opinion  of  E.P.R. 
indubitably  true  a  priori. 


and  of  Schrodinger 


(p2):  None  of  its  assertions--it  is  innocent  of  actual 

predictions- -ever  comes  into  direct  contradiction 
with  the  results  of  quantum  mechanics;  hence  it 
cannot  be  either  proved  of  disproved  objectively .  (3l) 


But  we  saw  that  Assumption  A  is  inconsistent  both 
formally  as  well  as  empirically  for  Furry's  case  (a)  ana  must 
therefore  be  rejected  if  quantum  theory  is  correct.  And  since 
it  was  shown  that  C  entails  Assumption  A,  it  follows,  that  if 
Assumption  A  is  untrue  and  must  be  rejected  if  quantum  theory  is 
correct,  then  E.P.R. 's  criterion  of  physical  reality  (c  )  must  also 
be  rejected. 


Therefore,  contrary  to  Furry's  claim  C.  (p2),  C„  does  cone 
into  conflict  with  quantum  theory.  E.P.R. 's  criterion  of  physical 
reality  is  therefore  not  innocent  of  actual  predictions.  As 
Hooker  puts  it: 

.  .  .  A2  [cj  ,  far  from  being  "innocent  of  actual 
predictions,  far  from  not  conflicting  with  quantum 
theory,  has  all  of  the  consequences  of  A 
[Assumption  Aj  (32) 


Had  Furry  realized  this  (c.f.  quotation  frcin  Hooker  p.  38 
above)  he  could  have  argued  his  case  even  more  strongly. 


But  we  must  be  cautious  and  take  notice  of  the  fact  that 
E.P.R.  never  questioned  the  correctness  of  quantum  theory.  As 
will  be  remembered,  a  successful  theory  is  both  correct  and 
complete.  "Correctness  of  a  theory  is  judged  by  the  degree  of  agreement 
between  the  conclusion  of  the  theory  and  human  experience,  which 
in  physics  takes  the  form  of  experiments  and  measurements."  (33) 


. 
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It  v as  on  the  basis 


of  experimental  results  and  therefore 


on  the  basis  of  the  correctness  of 
basis  alone,  that  Assumption  A  and 
of  physical  reality  was  abandoned. 


quantum,  theory  and  on  that 
consequently  E.P.R.'s  criterion 


However,  the  correctness  of  a  theory  does  not  necessarily 
entail  its  c omp 1 e t e n e s s .  This  still  therefore  leaves  the  question 
open  as  to  whether  or  not  quantum  theory  is  complete,  that  is, 
whether  or  not,  as  is  usually  assumed,  the  wave  function  does 
contain  a  complete  description  of  "physical  reality”  of  the  system 
in  the  state  to  which  it  corresponds. 


Digression:  It  may,  of  course,  be  questioned  whether  or  not 

E.P.R.'s  distinction  between  a  correct  and  a  complete  theory  is 
legitimate  or  even  useful.  But  we  do  not  think  it  to  be  useful 
to  enter  into  a  discussion  of  this  subtle  point  at  this  stage  of 
the  argument.  It  must  be  remembered  that  the  heart  of  the  E.P.R. 
objection,  its  subject  matter,  is  Physics,  and  any  discussion 
of  the  cognitive  aspects  of  scientific  theories  that  enter  into 
.E.P.R.’s  arguments  are  important  only  insofar  as  they  help  to 
clarify  what  is  physically  reasonable  and.  plausible. 

End  of  Digression 


We  argued  that  at  this  point  it  is  still  undecided 
whether  or  not  the  wave  function  does  contain  a  complete  description 
of  physical  reality.  We  may  therefore  raise  the  following  question: 
If  E.P.R.'s  criterion  of  physical  reality  is  to  be  rejected,  with 
what  other  kind  of  criteria  of  physical  reality  is  it  to  be  replaced? 
Quantum  reality?  Let  us  suppose  this  is  the  case  and  for  want  of 
a  better  name  replace  by  "Quantum  reality  (i.e.  C^"*) 


where  "quantum  reality"  denotes  a  criterion  for  the  physical  reality 
of  a  physical  quantity  which  is  different  from  and  more  satisfacto: 
at  least  in  the  sense  that  it  does  not  entail  Assumption  A,  such  that 


r  c,  * 

( A s s imp t i on  A ) 

L  b 

— « 

I 


and  therefore 


is  true. 


(Assumption  A 


Then  E.P.R.'s  necessary  requirement  for  a  complete 
theory,  and  specifically  now  for  quantum  theory,  would  read  at 
follows : 


CM*:  Every  element  of  "quantum  reality"  (i.e.  C  *)  must 
have  a  counterpart  in  quantum  theory. 

Now  depending  on  what  this  new  criterion  of  physical 
reality,  that  is  C  *,  turns  out  to  be,  it  can  indeed  be  shown  that 
quantum  theory  is  complete,  or  as  complete  as  it  can  ever  be,  and 
as  it  turns  out,  even  must  be . 

In  fact,  E.P.R.  were  probably  well  aware  of  this  when  the 
made  the  following  statements: 


We  are  thus  forced  to  conclude  that  the  quantum- 
mechanical  description  of  physical  reality  given  by 
wave  functions  is  not  complete. 

One  could  object  to  this  conclusion  on  the 
grounds  that  our  criterion  of  physical  reality  is  not 
sufficiently  restrictive.  Indeed,  one  would  not  arrive 
at  our  conclusion  if  one  insisted  that  two  or  more 
physical  quantities  can  be  regarded  as  simultaneous 
elements  of  reality  only  when  they  can  be  simultaneously 
predicted.  On  this  point  of  view,  since  either  one  or 
the  other,  but  not  both  simultaneously,  of  the 

quantities  P  and  Q  can  be  predicted,  they  are  not 
simultaneously  real.  This  makes  the  reality  of  P 
and  Q  depend  upon  the  process  of  measurement  carried 
out  on  the  first  system,  which  does  not  disturb  the 
second  system  in  any  way.  No  reasonable  definition  of 
physical  reality  could  be  expected  to  permit  this.  (.34) 


To  further  examine  the  epistemological  issues  involved 
here,  we  shall  in  what  follows  focus  our  attention  on  two  papers  by 
Schrodinger  which  were  also  published  in  1935 •  (35) 


CHAPTER  IV 


AN  EXAMINATION  OF  SOME  EPISTEMOLOGICAL 
ISSUES  IN  QUANTUM  THEORY 


1.  Introductory  Remarks 


We  saw  In  Chapter  III  that  E.P.E.'s  criterion  of  physical 
reality ,  C,  ,  must  he  abandoned  if  quantum  theory  is  true.  It  was 
illustrated  in  Chapter  II  and  III  that  for  certain  quantum  mechanical 
situations,  formal  as  well  as  empirical,  considerations  strongly 
favour  the  rejection  of  a  classical  conceintion  of  physical  reality 
that  lies  at  the  basis  of  Assumption  A.  To  what  extent  is  this 
rejection  justified  and  what  are  some  of  its  theoretical  and 
epistemological  consequences? 


2 .  Classical  Concept  of  State  and  Model  versus  Quantum  Mechanical 

Concept  of  State  of  Physical  Systems 

We  start  with  Furry's  assertion  that: 

.  .  .  it  is  not  correct  to  assume  that  the  only  physically 
significant  relations  are  those  which  are  directly 
obvious  from  a  classical  model,  and  it  is  on  the  basis 
of  such  a  classical  model  that  Assumption  A  rests,  (l) 

What  Furry  essentially  expresses  Is  the  usual  interpretation 
of  quantum  theory.  This  interpretation  implies  that  we  must 
renounce  the  possibility  of  describing  a  microscopic  system  in 
terms  of  a  precisely  defined  conceptual  model  in  the  classical 
sense.  This  interpretation  therefore  assumes  that  it  is  not  possible 
to  give  an  objective  and  precisely  definable  description  of 
physical  reality  at  the  quantum  level  of  accuracy. 
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That  we  shall  generally  mean  by  the  expression  ’’model” 
or  'conceptual  model"  here,  and  in  what  follows,  is  the  description 
or  representation  of  our  simplified  "picture"  of  a  physical  object 


or  a  physical  system. 


It  will  be  remembered  that  E.P.R.  postulate  Objective 
Reality  as  independent  from  any  theory  and  the  physical  concepts 
with  which  the  theory  operates,  and  that  these  physical  concepts 
of  a  theory  are  intended  to  correspond  to  Objective  Reality,  and 
that  it  is  by  means  of  these  physical  concepts  that  we  "picture" 
Objective  Reality  to  ourselves. 


On  the  basis  of  the  above  postulate,  a  distinction  can 
be  drawn  between  "laws"  that  constitute  Objective  Reality  governing 
the  immanent  pattern  of  Nature  independent  of  our  knowledge  and 
the  conglomeration  of  theories,  scientific  laws,  ("our  laws"), 
and  physical  concepts  by  means  of  which  we  "picture"  Objective 
Reality  to  ourselves.  According  to  Einstein,  (2)  progress  in 
science  is  not  merely  a  passive  accumulation  of  data,  but  scientific 
progress  rests  essentially  on  the  continuous  attempt  to  reconstruct 
a  more  and  more  perfect  "picture"  of  Objective  Reality  by  means 
of  physical  concepts  and  theories. 


Therefore,  scientific  laws,  concepts,  hypotheses,  and 
conceptual  models  of  physical  reality  apply,  if  at  all,  only 
approximately  to  the  immanent  "Laws"  of  Objective  Reality,  because 
scientific  discovery  is  essentially  a  reconstruction  (".  .  .  opera¬ 
tion  with  concepts  and  creation  and  application  of  definite  functional 
association  of  sense  experience  to  the  concepts  .  .  .")  (3)  and  not 
merely  a  passive  reflection  of  physical  phenomena  or  sense  experience. 
We  construct  models  of  physical  reality,  set  forth  hypotheses  and 
employ  abstract  mathematical  formalism. 


The  particular  concepts  and  conceptual  models  to  be  used 
depend  of  course  on  the  kind  of  physical  situation  to  be  described. 
Moreover,  we  must  always  be  prepared  to  modify  or  reject  a  conceptual 
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model  if,  for  example,  through  letter  measurement  techniques  if 
turns  out  that  for  the  particular  physical  situation  in  question 
our  model  is  unsatisfactory.  If  there  is  agreement  with  our 
observations  and  the  model  we  employ,  we  say  we  have  sliosen  a  good 
model;  if  there  is  disagreement  then  the  model  or  physical  concepts 
and  laws  adopted  are  bad  and  must  either  be  modified  or  completely 
rejected.  We  attempt  therefore,  to  construct  better  and  more 
adequate  models  and  physical  concepts  that  are  intended  to  be  a 
more  appropriate  reconstruction  of  Objective  Reality. 

A  few  examples  are  in  order.  An  individual  dynamical 
system  consisting  of  one  classical  particle  can  be  described  in 
terms  of  a  single  precisely  defined  conceptual  model:  We  consider 
the  particle  as  a  "mathematical  point"  with  mass  "m" .  To  describe 
the  position  or  configuration  of  the  system,  we  select  the  smallest 
X^ossible  number  of  variables.  These  are  called  the  generalized 
coordinates  of  the  system.  The  number  "f"  of  such  coordinates 
is  called  the  number  of  degrees  of  freedom  of  the  system.  A 
physical  system,  such  as  the  Rutherford  Model  of  the  hydrogen 
atom  can  be  described  by  some  set  of  f  coordinates  q^ ,  q^,  .  .  .  q^,; 

f  =  6,  and  f  corresponding  momenta  ,  pc,  .  .  .  p„;  f  =  6,  that  is 
by  a  total  number  of  2f  parameters  or  variables.  Thus  for  a  system 
of  N  point  particles,  each  particle  is  characterized  by  three 
position  coordinates  such  that  f  ~  3^* 

When  all  parameters  or  variables  take  on  values  we  say 
that  the  model  is  in  a  definite  state.  Given  a  definite  initial 
state,  we  are  then  able  to  determine  how  the  state  of  the  model  will 
change  with  time,  provided  the  constants  of  a  model  (which  in  part 
determine  its  description  but  not  its  state)  such  as  mass  and 
charge  are  specified. 

Furthermore,  since  there  is  no  uniqueness  In  the  choice 
of  generalized  coordinates,  the  state  ot  a  model  may  also  be 
determined-  in  terms  of  constants  of  motion  , 


such  as  energy,  the 


' 
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three  -momentum  components  of 
energy  of  the  center  of  mass, 
(i.e.  2f)  will  always  he  the 
atom,  2f  =  2(  3Il)  -  12 


the  center  of  mass,  and  the  kinetic 
But  the  total  number  of  parameters 
same.  Thus  for  the  model  of  the  hydrogen 


This  classical  concept  of  the  ’’state'1  of  a  conceptual 
model  that  describes  the  physical  system  is  lost  in  quantum  mechanics, 
since  in  quantum  mechanics  at  most  only  a  "well  chosen  half”  of  the 
variables  of  a  system  may  take  on  definite  values,  the  other  half 
b eing  completely  undeterml n e d . 


Nonetheless, all  parameters,  or  more  specifically,  all 
canonically  conjugate  variables  such  as  position  and  momentum,  may 
be  partially  determined.  The  degree  to  which  a  pair  of  canonically 
conjugate  variables  may  be  determined,  is  expressed  quantitatively 
through  the  well  known  Heisenberg  Indeterminacy  relation 


Ali  '  -  * 


( 75 ) 


where 


Af,  -1 !<%->-<%? 


( 76  ) 


Aft  " 


are  the  root -mean -square  deviations  of  the  statistical  distributions 
of  q.  and  p.  respectively.  This  indeterminacy  remains  constant  in 
time.  What  changes  deterministically  are  the  statistics  or 
probabilities . 

This  is  ensured  bv  the  fact  that  the  state  function 
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satisfies  the  differential  equation 


i  t>  =  -  Jl  VJ'  ^ "  H  A(f,  i)  (  78  ) 
M  z™ 

which  is  of  first  order  in  time. 

•  • 

Schrodinger r s  equation  is  therefore  analagous  to  Newton’s 
equations  of  motion  in  classical  physics,  but  it  differs  from 
Newtonian  equations  in  that  it  determines  only  the  probabilities 
of  real  events. 


time.  To 
Hermitian 


As  was  pointed  out,  the  indeterminacy  remains 
show  this  we  can  write  in  virtue  of  equations 
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Substituting  equation  (  8°)  into  equation  (  79)  we  get 


=[(£K“aJVW-  (ZKuAjPi\/]4(  8l) 

L  fcjzt 

On  the  basis  of  equation  (79  ),  the  time  dependency  of  can  be 

determined  if  we  know  the  time  dependency  of  ;  whe.te  one  time 

dependency  of  is  characterised  by 
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Therefore 


and  from  equation  (  78) 


(83  ) 


Substituting  equation  1^83  )  into  equation  (  82 )  we  obtain 
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If 


<5? 


commutes  with  H  then  the  observable 


the  Hermit ian  operator  cL  is  a  constant  of  motion 


represented  by 
since 


A 

oit 


t 


=  0 


and 


is  therefore 


constant  in  time.  Moreover,  is  time  independent  since  both 

<n  and  <%>t  are  constants. 

It  is  to  be  noted  that  does  not  itself  depend 

explicitly  on  time.  Me  are  operating  within  the  Sc-hrodinger 
representation  of  quantum  mechanics  in  which  all  the  time  dependence 
of  observables  represented  by  operators  such  as  is  carried  out 

by  the  state  function.  On  the  other  hand,  in  the  Heisenberg 
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representation,  the  state  function  is  tine  independent  and  all  of 
the  time  dependency  is  carried  out  by  the  dynamical  operators 
themselves  in  terms  of  the  equations  of  motion. 


3-  The  Ontological  Status  of  Non-Commuting  Variables 

Although  quantum  mechanics  rejects  the  classical  concept 
of  a  state  of  a  conceptual  model,  it  finds  it  on  the  other  hand 
appropriate  that  all  variables  of  the  classical  model  can  in 
principle  be  measured.  They  cannot  however  all  be  precisely 
determined  simultaneous]#.  Thus  all  predictions  are  still  predictions 
of  variables  of  the  classical  model,  such  as  position,  momentum, 
energy  etc.,  that  is  non-classical  is  that  only  probabilities  ce.n 
be  predicted.  "The  classical  model  plays  in  quantum  mechanics  a  Proteus 
role,  says  Schrodinger,  each  of  its  variables  can  in  certain 
circumstances  become  the  object  of  our  attention  and  gain  a 
certain  'reality',  but  never  all  at  the  same  time,  .  .  .  and  at 
most  only  half  of  a  complete  set  of  variables.  .  ."  (4) 


Schrodinger  raises  the  following  questions:  What  happens 
to  the  other  half  of  the  variables? 

(a)  Do  they  possess  reality? 

(b)  Do  they  possess  a  blurred  reality  (Verschvommene  Realitat)? 

(c)  Or  are  all  variables  physically  real  except  that  simultaneous 
knowledge  of  them  is  impossible?  (5) 

It  is  very  tempting  to  give  an  affirmative  answer  to  (c) 
by  viewing  quantum  mechanics  as  a  generalization  or  extension  of 
classical  statistical  mechanics  and  to  assert,  as  does  Popper,  "that 
the  observer,  or  better,  the  experimentalist,  plays  in  quantum 
theory  exactly' the  same  role  as  in  classical  physics.  His  task  la 
to  test  the  theory."  (6)  He  claims  that  his  view  is  opposite  to 
the  Copenhagen  interpretation  of  quantum  mechanics  which  says 


' 
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"that 1  objective  reality  has  evaporated*,  and  that  quantum  mechanics 
does  not  represent  particles.,  but  rather  our  knowledge,  our  observations, 
or  our  consciousness  of  particles."  (7) 

Popper  defends  his  thesis  that  quantum  theory  attempts  to 
solve  essentially  statistical  problems  by  referring  to  the  historical 
development  of  quantum  theory.  He  says: 


(a)  It  was  so  with  Plank's  problem  in  1 899-90  which 
led  to  his  radiation  formula.  (b)  It  was  so  with 
Einstein's  photon  hypothesis  and  his  derivation  of 
Plank's  formula.  (c)  It  was  so  (at  least  in  part) 
with  Bohr's  problem  of  1913  which  led  to  his  theory  of 
spectral  emissions:  the  explanation  of  the  Rydberg - 
Rltz  combination  principle  was,  clearly,  a  statistical 
problem  (especially  after  Einstein's  photon  hypothesis 
had  been  proposed)  .  .  .  All  this  is  to  support  my 
thesis  that  the  problems  of  the  new  quantum  theory  were 
essentially  of  a  statistical  or  probabilistic  character.  (8) 


Popper  further  claims  that  "statistical  questions  demand  essentially 
statistical  answers"  and  "that  statistical  conclusions  cannot  be 
obtained  without  statistical  premises.  And  therefore  answers  to 
statistical  questions  cannot  be  obtained  without  a  statistical 
theory."  (9) 

In  a  recent  paper,  (lO)  Ballentine  argues  on  similar 
lines  saying  that  a  Statl stlcal  Interpretation  of  quantum  theory 
can  provide  a  sound  Interpretation  of  the  same,  using  a  minimum 
of  assumptions.  He  states  that  according  to  a  Statistical  Inter¬ 
pretation  ( S .  I . ) 


S.I.:  a  pure  state  (and  hence  also  a  general  state)  provides 
■’  a  description  of  certain  statistical  properties  of  an 
ensemble  of  similarly  prepared  systems,  but  need  not 
providfTa  complete  description  of  an  individual  system,  (ll) 


This  interpretation,  Ballentine  claims,  is  upheld  by  Einstein, 
Popper  and  Blokhintsev,  and  must  be  distinguished  from  the  usual 
concept  of  state  bs.sed  on  the  Orthodox  Interpretation  (o.I.)  01 
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quantum  theory  which  asserts  that 

0-1° :  a  pure  state  provides  a  complete  and  exhaustive 

description  of  an  individual  system  ( e .  g .  an  electron)  (l2) 

He  then  asserts  that  this  latter  interpretation  is  an 
additional  and  unnecessary  assumption  with  peculiar  consequences; 
that  it  is  unnecessary  for  quantum  theory  and  les.ds  to  serious 
difficulties . 

Ballentine  is  correct  in  saying  that  the  orthodox  inter¬ 
pretation  of  quantum  theory  leads  to  serious  difficulties,  hut 
he  is  rather  optimistic  in  saying  that  a  Statistical  Interpretation 
can  provide  a  sound  interpretation  of  quantum  theory  using  a  minimum 
o f  assumptions ; 

We  will  not  give  a  detailed  account  of  Ballentine* s 
Statistical  Interpretation  or  Popper’s  Propensity  Interpretation, 
hut  merely  assert  at  this  stage,  that  such  interpretations  do  not 
see^i  to  us  to  he  far  reaching  enough  and  that  the  wave -particle 
duality  phenomenon  is  equally  difficult  to  come  to  terms  with 
through  such  alternative  interpretations  of  quantum  theory. 

We  shall  suggest  later  on  that  the  attempts  df  Vigier, 

Bohm  and  others  to  explain  statistical  phenomena  of  quantum  theory 
on  the  basis  of  "hidden  variables"  are  optimistic  as  well  and  not 
without  controversy,  to  say  the  least,  hut  if  successful,  are  more 
exciting  and  more  likely  to  solve  the  difficulties  that  beset 
present  quantum  theory.  Hidden  variable  theories  are  not  mere 
alternative  interpretations  of  quantum  theory  but  are  what  Bohm  calls 
"deeper  theories”  which  would  approach  quantum  theory  as  an 
approximation  and  a  limiting  case,  "rather  as  the  quantum  theory 
itself  approaches  classical  theory  in  the  limit  of  high  quantum 
numbers."  (13) 
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Moreover }  according  to  the  orthodox  interpretation  of 
quantum  theory  the  essential  difference  "between  quantum  statistics  and 
classical  statistics  is  that  in  a  classical  situation  statistical 
statements  can  be  in  principle  avoided;  whereas  in  quantum,  theory 
we  are  faced  with  the  difficulty  that  the  statistical  elements 
cannot  be  avoided;  not  even  in  principle;  because  of  the  very 
special  nature  of  quantum  mechanical  observations  due  to  the  unique 
relation  between  measuring  apparatus  and  the  object  of  measurement. 

Classical  probability  statements  do  not  involve  interference 
terms  of  probability  amplitudes;  whereas  in  quantum  theory  we  are 
faced  with  such  interference  terms  because  the  Superposition 
Principle  applies;  and  it  is  the  Superposition  Principle  which  brings 
out  the  non-local  features  of  quantum  theory. 

Digression :  In  classical  statistics  one  may  express  the  information 

which  one  has  of  a  system  at  a  certain  time  through  a  probability 
distribution  in  phase  space.  The  subdivision  of  phase  space  for 
classical  statistics  can  be  made  arbitrarily  small  such  that 

~  .  .  •  )  is  the  probability  density  that  the  system  is 

in  one  phase  point  (Xi^  f>i t  .  .  .  )  .  However;  for  quantum 

theory;  the  subdivision  of  phase  space  would;  on  account  of  the 
IrxLetemuLnacy  Principle  have  to  satisfy  the  condition  &  X  h  p  ^  h 

The  probability  density  y O  can  be  normalized  by  setting 
the  integral  over  the  whole  of  phase  space  equal  to  one.  Thus 


fr  </*  -- ' 


*  (  ci  dl.  d Xl  j  ‘  *  -  •  d /  ;*••>) 


If  the  probability  distribution  is  given  one  computes  the  expectation 
value  of  a  classical  ovservable  /_  ~  ^ *  j  f 

through 

r 


=  J  Lf>  JO. 


End  of  Digression 


' 
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ii  alternative  (c)  is  unacceptable  and  if  the  Indeterminacy 
of  the  other  half  of  the  conjugate  variables  is  relative  but  not 
absolute  because  ve  can  in  fact  gain  information  of  them  through 
different  experimental  arrangements,  and  also  because  the  degree  and 
hind  of  Indeterminacy  of  all  conjugate  variables  is  expressed  in 

a  complete  and  clear  "picture"  through  the  f'  function,  what  are 

*  * 

we  left  with,  asks  Schrodinger?  (l4) 

h.  The  ??ew  Epistemological  Standpoint 


The  orthodox  interpretation  of  quantum  theory  helps  itself 

9 • 

and  us  out  of  this  difficulty  says  Schrodinger,  "durch  eine 
Zuflucht  zur  Erkenntnisbheorifi "  and  one  teaches  us  that  one  ought 
not  to  differentiate  between  the  real  state  of  the  physical  object 
(llaturob jekt )  and  the  knowledge  that  I  have  of  it,  or  better 
perhaps,  the  knowledge  1  could  have  of  it  if  I  really  tried.  What 
is  real  ''  —  so  one  says--are  actually  only  perception  (wTahrnehniung), 
observation  (Beobachtung)  and  measurement (Messung) . "  (l5) 

The  consequence  is  that  we  drop  realism  and  accept  some 
phenomenalistic  position  which  is  based  on  the  indubitable  thesis  that 
what  is  real  is  only  observation  and  measurement.  Our  scientific 
thinking  is  therefore  based  on  only  one  thing, namely  the  results 
of  measurements  that  are  executable  in  principle.  Our  thinking 
cannot  be  based  on  any  other  kind  of  physical  reality  or  model. 

Thus,  all  physical  quantities  must  be  measurable  in  principle, 
since  the  values  of  certain  physical  quantities  is  all  we  have 
that  legitimately  can  be  called  real. 

Therefore,  if  I  have  acquired  in  a  given  moment  the  best 
possible  knowledge  of  the  state  oC  a  system  which  the  physical  laws 
allow  me  to  have,  then  any  further  question  as  to  the  real  state 
is  pointless,  in  so  far  as  I  am  convinced  that  no  further  observation 
will  give  me  further  knowledge  of  the  state  of  the  system,  at  least 
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not  without  reducing  my  present  knowledge  by  changing  the  system  through 
f u rth e r  ob s e rvat ion.  ( c . f . p .  71  ) 

*  t 

Moreover,  Schrodinger  points  out  that  all  numbers  which 
appear  in  our  calculations  must  be  considered  as  numbers  that  represent 
measured  values  (Kasszahlen) .  However,  he  continues,  since  we  do 
not  start  completely  from  scratch,  and  are  more  than  reluctant  to 
abandon  our  mathematical  apparatus,  we  are  forced  to  ’’dictate  from 
our  desk  which  measurements  are  in  principle  possible,  that  is,  must 
be  possible  in  order  to  give  sufficient  support  to  our  mathematical 
shematism  (Rechenschema) . ”  (l6)  This  permits  us,  he  continues,  to 
obtain  a  sharp  value  for  every  variable.  Therefore  every  variable 


must  be  measurable  to  an  arbitrary  degree  of  accurac1 


Vie  cannot 


be  satisfied  with  less  because  we  have  given  up  realism.  In  order 
that  we  do  not  completely  fall  into  skepticism  we  must  hold  on  to 
something  that  is  physically  real.  But  that  something  which  is 
physically  real  cannot  be  independent  from  observation  and 


measurement . 


[here fere  observations  and  measurements  must  be 


possible,  if  anything  physically  real  is  possible. 

However,  says  Schrodinger,  we  have  nothing  but  our  math¬ 
ematical  apparatus  by  which  to  determine  the  best  possible  knowledge 
we  may  have  of  an  object.  Our  mathematical  apparatus  tells  us 
where  Nature  draws  the  "Ignorabimus  Greuze"  ( 17 ) *  And  if  we  cannot 
obtain  in  practice  the  knowledge  that  our  mathematical  apparatus  allows 
us  to  obtain,  "then  our  mea  s  ur  ement  -  real.  1 1  y  ( Me  s  s  w  1  rk  1 1  chk  el  t )  would 
surely  depend  on  the  industriousness  or  laziness  of  the  experimenter.  . 

.  We  must  tell  him,  how  far  he  can  go,  if  only  he  was  skilled  enough. 
Otherwise  it  would  seriously  have  to  be  feared  that  there,  where  we  forbid 
further  questioning,  still  something  worth  knowing  may  he  asked 
about."  (l8) 
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5.  Consequences  of  the  New  Puistemological  Standpoint 


Schrodinger  compares  the  ^  function  to  an  expectation 
catalogue,  an  ’instrument"  that  predicts  the  protahility  of  measured 
values,  file  fP  function  completely  describes  the  system  in  the 
sense  that  anything  which  can  in  principle  be  known  about  the  system 
at  time  t  is  contained  in  the  J  function,  our  prediction  catalogue.  (l9 

Tiie  function  is  similar  in  many  respects  to  the  cls,ssical 
model  and  its  state.  It  is  "uniquely  determined  through  a  finite 
number  of  suitably  chosen  measurements  on  the  object,  half  as  many 
as  were  necessary  in  classical  theory."  (20)  Secondly,  the  function 

changes  with  time  if  it  is  left  to  itself,  in  the  same  way  as  the 
state  of  the  model  of  an  object  in  classical  theory  changes-- 
deterministically.  (2l) 


But  if  one  makes  another  measurement  our  prediction  catalogue, 
the  function  changes  abruptly.  This  discontinuous  change, 

(Schrodinger  calls  it  a  jump  (Sprung)),  cannot,  however,  be  predicted 
before  the  measurement  has  taken  place  hut  depends  on  the  obtained 
measured  value  itself.  It  is  this  discontinuous  change  of  the 

P  function,  as  a  consequence  of  further  measurements.,  which  demands 
the  rejection  of  realism.  It  is  for  this  reason  also  that  we  cannot 
think  of  the  function  as  an  ideal  conceptual  model  of  a 


physical  object,  not  because  physical  objects 
abruptly,  "but  because  from  a  realistic  point 


or  systems  never  change 
of  view  the  observation 


itself  is  a  process  of  Nature  and  may  not  in  itself  evoke  a  disruption 
of  the  regular  process  of  Nature."  (22) 

The  rejection  of  realism  has  several  logical  consequences 

•  » 

according  to  Schrodinger. 


- 
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First  Consequence 


A  physical  quantity  has  in  general  no  definite  value  "before 
the  measurement  of  the  same.  To  measure  a  value  of  a  physical  quantity 
is  not  to  discover  or  find  out  the  value  which  it  has.  (23) 

\ic  have  rejected  realism,  and  have  abandoned  E.P.R.’s  criterion 
or  physical  reality.  Thus  we  cannot  speak  meaningfully  anymore  of 
a  physical  quantity  as  having  a  definite  value  which  however  we  do  not 
know  before  the  measurement.,  but  discover  through  measurement. 

But  then  there  must  be  some  criterion  other  than  C  which 

b 

helps  us  to  decide  whether  or  not  a  measurement  is  correct  or  incorrect , 

whether  or  not  the  results  of  our  measurement  are  physically 

meaningful  or  are  mere  coincidental  happenings  in  the  laboratory. 

Since  we  rejected  E.P.R.'s  criterion  of  physical  reality  (c  )  how  can 

we  judge  whether  or  not  our  measuring  results  correspond  to  physical 

reality  without  some  sort  of  criterion  C,  *  as  to  what  constitutes 

b 

physical  reality  in  the  first  place?  That  is,  what  could  C  *  r 
be,  such  that  £c  */\  ~~i  Assumption  A  J  is  true,  and  at  the  same  time 

provide  a  means  by  which  to  judge  whether  or  not  our  measuring  results 

»  • 

have  physical  meaning?  How  Schrodinger  says: 


It  is  quite  clear,  if  [ physicalj  reality  does  not 
determine  the  measured  value,  then  at  least  the  measured 
value  must  determine  [ physicalj  reality,  it  [the  measured 
value J  must  be  really  present  after  the  measurement  in  the 
sense,  which  alone  is  still  recognized.  (24) 


"By  repea 


•  • 

Therefore,  Schrodinger  says,  the  needed  criterion  is  this: 
ating  the  measurement,  the  same  result  must  he  obtained. "  (25) 


He  distinguishes  between  two  kinds  of  repetitions  of  measure¬ 


ments  : 


a.  Repetition  of  the  first  kind 


Page 
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Since  a  measurement  of  an  observable 


generally  evokes  a 


discontinuous  uncontrolable  alteration  of  the 
state  vector,  the  state  vector  -will  immediately 
coincide  with  the  eigenvector  corresponding  to  t 
in  the  measurement,  regardless  of  what  the  state 


f 


function  or 


after  the  measurement 
he  eigenvalue  obtained 


vector  was  just 


prior  to  the  measurment. 


( W e  assume  for  simplicity,  non-degeneracy) 


Therefore,  if  immediately  after  such  a  measurement  we 
repeat  the  measurement  such  that  no  significant  time  evolution  of  the 
obtained  eigenvector  corresponding  to  the  eigenvalue  obtained  in  the 
preceeding  measurement  has  taken  place,  then  the  same  eigenvalue  must 
again  be  obtained  (within  certain  error  limits),  provided  the 
measurement  apparatus  is  somehow  restored  to  its  initial,  neutral  state 
before  the  second  measurement;  or  another  measurement  apparatus 
is  used  instead  which  satisfies  that  condition. 


Sc 


chrodinger  calls  this  a  control-measurement  (Kontro limes sung) 
for  which,  as  can  readily  be  seen  from  the  above  discussion,  the 
differentiation  between  the  measurement  instrument  and  the  measurment 
object  is  crucial. 

b.  Repetition  of  the  second  kind 
) 

The  difference  between  measurement  object  and  measurement 
device  is  of  minor  importance  here.  When  we  perform  a  repetition  of  the 
second  kind,  we  are  checking  so  to  speak  the  statistical  predictions 
of  quantum  theory.  We  must  therefore  repeat  the  measurement  on  the 
system  many  times,  and  each  measurement  is  performed  with  the  system 
always  In  the  same  initial  state  just  prior  to  each  measurement.' 

The  same  goes  for  the  measuring  apparatus,  it  too  must  always  be  in 
its  neutral  initial  state  before  each  measurement.  Another  procedure 
would  he  to  measure  instead  a  large  number  N,  of  individual  but  identical 
systems  (e.g.  stoms)  all  xn  the  same  dynamical  stace  at  one  5.nsuunc 
of  measurement.  Clearly  a  simultaneous  measurement  of  N  identical 
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independent  systems  each  of  which  is  in  the  same  dynamical  state,  is 
in  essence  identical  to  1\T  repeated  measurements  of  one  system  always 
heing  in  the  same  initial  dynamical  state  before  each  mea sur ement . 

Second  Consequence 


Compared  to  the  classical  model  and  its  state,  the 
information  of  the  ^  function,  our  prediction  catalogue,  appears  to 
he  rather  incomplete.  It  encompasses  at  most  only  52*2  of  the  total 
description  of  a  physical  system.  The  rejection  of  realism,  however, 

makes  it  incumbent  upon  us  to  consider  the  {*  function  as  a  complete 

*  • 

description.  It  must,  says  Schrodinger,  on  the  basis  of  our  new 
accepted  epistemological  standpoint,  he  impossible  to  obtain  new 
information  of  the  state  of  an  object,  which  is  not  already  contained  in 
the  function,  since,  as  was  pointed  out  previously,  (c.f.p.  67  ) 
we  have  nothing  but  our  mathematical  apparatus  by  which  to  determine 
the  best  possible  knowledge  of  the  state  of  an  object.  (26) 

If  I  have  acquired  in  a  given  moment  the  best  possible 
knowledge  of  the  state  of  an  object  which  my  prediction  catalogue 
allows  me,  then  any  further  questioning  for  more  information  is’ 
pointless,  since  the  function  contains  the  maximum  sum  of  possible 
knowledge  of  the  system’s  state. 

We  cannot  therefore  add  knowledge  to  our  expectation 
catalogue  without  erasing  some  knowledge.  But  to  erase  knowledge 
means  that  previous  correct  statements  are  now  false.  However , 
Schrodinger  adds,  a  correct  statement  can  only  become  false  if  the 
object  (Gegenstand)  to  which  it  refers  changes.  Thus  he  concludes: 


T  :  If  there  exist  different  ^  functions,  then 

the  system  is  in  different  states. 


And  if  we  speak  only  of  systems  for  which 
converse  of  T^  says: 


functions  exist  then  the 


1 
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IV, :  For  the  same 
state.  (27) 


f 


function^  the  system  is  in  the  same 


Third  Consequence 


Suppose  Sj  and  S  ^  are  completely  separated  and  have  never 
intereacted  "before;  the  interaction  potential  "being  zero.  Suppose 
further;  that  each  possess  a  complete  expectation  catalogue  and 

/<F>  respectively.  Sonce  each  expectation  catalogue  is  a 
maximum  sum  of  knowledge  of  each  of  the  respective  states  of  systems 
S^  and  ;  we  also  have;  says  Schrodinger;  maximum  sum  of  both 
systems  together  (i.e.  "if  we  think  that  not  each  system 

individually  but  both  together  constitute  the  object  (Gegenstand)  of 
our  attention  and  questioning  with  respect  to  the  future.”  (28) 
Schrodinger  continues: 


But  the  converse  is  not  true.  Maximum  knowledge  of 
the  total  system  does  not  include  necessari ly  maximum 
knowledge  of  its  parts;  not  even  then  when  both  parts  are 
totally  separated  from  each  other  and  do  not  influence 
each  other  at  the  time .  It  could  be  that  a  part  of  that; 
which  one  knows;  refers  to  relations  or  conditions  between 
the  two  component  systems  in  the  following  way:  When  a 
definite  measurement  of  the  first  system  has  this  result; 
then  for  a  definite  measurement  on  the  second  system  this 
and  this  expectation-statistic  (Ewartungs statist ik)  is 
valid.  But  if  the  measurement  on  the  first  system  has 
another  result;  then  for  the  second  system  another 
expectation  (Ewartung)  is  valid.  If  a  third  result  is 
obtained  on  the  first  system,  then  again  another  expecta¬ 
tion  on  the  second  system  is  valid;  and  so  on;  .  .  .  In 
this  way  some  measurement  process;  or  what  is  die  same; 
some  variable  of  the  second  system  may  be  connected  with 
the  not  yet  known  value  of  some  variable  of  the  first 
system  and  of  course  vice  versa.  If  this  is  the  case; 
if  such  conditional  sentences  (Konditionalsatze)  are 
present  in  our  total  catalogue  (Gesamtkatalog);  then  the 
total  catalogue  cannot  have  maximum  sum  of  knowledge  with 
respect  to  the  component  systems;  because  the  content  of 
two* individual  catalogues  each  catalogue  containing 
maximum  sum  of  knowledge  of  th  e  respective  component 
system's  state  would  in  itself  be  sufficient  for  a  total 

catalogue; 
be  added. 


and  .conditional 

(2  9) 


sentences  could  not  still 


- 
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In  short,  test  possible  knowledge  of  the  composite  system 
does  not  necessarily  entail  test  possible  knowledge  of  the  component 
systems.  That  is,  the  composite  system  is  in  a  definite  state,, 

whereas  the  component  systems  considered  individually,  are  not. 

One  is,  however,  tempted  to  say  a  priori  that  S_  or  3^ 
must  be  in  some  definite  state,  but  precisely  which  definite  state 
we  do  not  know.  Saying  this  would  correspond  precisely  to 
A s sunpt ion  A .  But  on  the  basis  of  the  new  adopted  epistemological 
standpoint  and  its  consequences  we  are  not  allowed  to  sav  "  I  do  not  know 


tne  stare  01 


flnd  S,. 


",  since  the  ^ 


function  represents  maximum  sum 


of  best  possible  knowledge  of  the  state  of  a  system.  "If  one  has 
a  function,"  says  Schrodinger,  "then  it  may  serve  to  describe  the 
state  of  the  system."  (30)  But,  he  continues,  "The  insufficiency 
of  the  function  as  a  model -surrogate  (i'odellersatz )  rests  exclusively  on 
the  fact  that  we  do  not  always  have  a  function  in  cases  where  we 
would  expect  to  have  one.  "  (31)  But  then  one  may  not  postulate  that  in 


reality  there  exists  a 


f 


function  but  we  have  no  knowledge  of  it 

and.  therefore  the  system  is  in  a  definite  though  unknown  state. 

« • 

The  newly  adopted  epistemological  standpoint  forbids  this  Schrodinger 
says 


"She 


[the  functionj  is  the  maximum  sum  of  best  possible 
knowledge,  and  knowledge  which  no  one  knows  is  non."  [sie  ist  namlich 
eine  Summe  von  Kenntnissen  und  Kenntnisse,  die  niemand  kennt,  sind 


Keine 


V.J  (32) 


Therefore  when  two  initially  completely  separate  systems 
SI  and  Sjj,  of  whose  respective  states  we  have  maximum  knowledge 
through  their  respective  ^  functions  or  state  vectors  /  0/* 

enter'  into  a  temporary  interaction  and  at  some  time  separate  again,  they 
can  no  longer  be  described,  in  the  same  way  as  before.  That  is,  and 
S-j-j  cannot  be  considered  to  be  each  in  a  definite  though  perhaps 
unknown  state  after  the  interaction. 


- 

' 
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Schrodinger  says  in  another  nape 


er 


X  would  not  call  that  one  hut  rather  the  characteristic 
trait  of  quantum  mechanics,,  the  one  that  enforces  its 
entire  departure  from  classical  lines  of  thought.  By  the 
interaction  the  two  representatives  (or  p  functions )  have 
become  entangled.  To  disentangle  them  we  must  gather 
further  information  by  experiment,  although  ve  knew 
as  much  as  anybody  could  possibly  know  about  all  that 
happened.  Of  either  system  taken  separately,  all 
previous  knowledge  may  be  entirely  lost,  leaving  us  but 
one  priviledge:  to  restrict  the  experiments  to  one 
only  of  the  two  systems.  (33) 


The  above  discussion  applies  also  directly  to  a  quantum 

mechanical  measuring  process  where  a  system  S  and  a  measuring 

o 

instrument  interact  for  some  time.  The  measurement  process  of  the 

observable  with  eigenvalue  /I  l  consists  in  the  fact  that  in 

a  definite  time  interval  A  t  there  is  an  interaction  between  S 


o 


and  Sj.v,  and  a  subsequent  reading  on  SK  to  see  which  eigenvalue  of 


the  observable 


£ 


obtained. 


o 


We  suppose  that  before  the  actual  measurement  process  S 
and  S  are  completely  separate  and  the  interaction  potential 
Hi/j  -  0  and  S  and  S„,  each  possess  a  complete  expectation  catalogue 


o 


M 


/<P>  and  respectively.  Since  each  expectation  catalogue 

is  a  maximum  sum  of  the  best  possible  knowledge  of  the  states  of  the 
respective  systems,  then  we  also  have  maximum  knowledge  of  the 
composite  system  after,  for  example,  interaction  has  taken  place. 

But  as  was  pointed  out  previously,  the  converse  is  not  true.  Best 
possible  knowledge  of  the  total  system  does  not  necessarily  include 
best  possible  knowledge  of  the  component  systems.  "The  lack  of 
knowledge"  says  Schrodinger,  "is  by  no  means  due  to  the  interaction 
being  insufficiently  known- -at  least  not  in  the  way  that  it  could 
possibly  be  known  more  completely- -it  is  due  to  the  interaction 
itself."  (34) 


' 

> 
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Digression:  (35)  To  see  This  we  write  the  Hamiltonian  operator  H  of 

the  composite  system  S  ...  as  H  =  H  +  PL,  t  H<^  , where  Hw  describes 

crm  O  M 

only  the  interaction  of  S  and  S,,,  and  H  and  H,  are  the  respective 

o  M  o  M  * 


Hamiltonian  operators  of  S  and  S„,  separately. 

°  M  . 

The  state  vector  / of  the  operator  ~  /  '  ' 

can  he  expanded  in  terms  of  the  eigenvalue  spectrum  of  the 

operator  ^  such  that 


/P>  =  li  (um  I X I 


(  86  ) 


and 


1  (P/<p>1  '<p>  "2.  Ium)(umX>XXX<uX  ( 


8?  ) 


J.K 

z 


where 


/X-iX/  X 1M  ls1 


measurement  the  eigenva 


the  prohahility  that  after  the 
lue  A  c  corresponding  to  oA  will  be  obtained. 


Next  we  consider  the  composite  system  S  , which  consists  of 

o+M  1 


the  composite  state  vector 


/f)  XX  0  IX 


(88  ) 


and 


/  UAi)  &  / X  (89) 


For  the  state  or  projection  operator  of  the  composite  system 
we  get  from  the  above  expansions,  i.e.  equations  (  88)  and (89  )  '• 
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L 


and 


where 


Suppose  at  t  =  0  the 

and  suppose  it  ends  at  time  t  - 

During  this  time  interval  the  s 

S  changes.  Therefore  if 
am 


interaction 
t’;  then  we 
tate  vector 


between  S  and  S 
,  M  0 
have  fioo'?0  rOT  q 


of  the  composite 


(  90) 

(91 ) 

(92  ) 

(93  ) 

begins 

-  t-  t '  . 

system 

(  94) 

(  95  ) 


(.96) 
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After  the  interaction  "between  the  svsters  S  and  S  has 

M  o 

ceased,  S, , ,,  is  then  in  the  state - 


O’ Hi 


/?')= If ’(t‘)y 


(  97) 


From  equation 


(91  )  we  write  equation  (  97)  as 

!<p 


(  98) 


where 


(  99) 

is  again  constant  timewise 


7-  Z  /Z /\n  ictM  . 

bK 

j  7Y t  )y  "’7-  t  ^'cannot  anymt 


However,  the  state  j  T  \L  J  /  /-i  w u  /  ’  *  ''  cannot  anymore 

he  written  as  a  product  of  two  states  as  in  equation  (  88)  where  one 
state  describes  the  object  while  the  other  state  describes  the  measuring 


instrument.  The  state  function  of  S  and  S,, 

o  M 


d,  ,  have  become,  to  use 


Schrodinger T s  terminology,  entangled. 

Now  the  aim  of  a  measurement  process  is  to  be  able  to  make 


a  statement,  about  S  alone.  Since  the  system  S  interacted  with  S, . 

’  o  o  k 

during  A  t  :  S 

O  m 

S 

o  -  O 


connected  with  S  in  a  complicated  way.  To  make 


a  statement  about  S  alone  it  is  necessary  to  isolate  S  from 


ro 


Formally  this  happens  through  a  projection  on  to  H  ,  the  Hilbert  space 
which  corresponds  to  the  measurement  object  alone.  (  c.f.p.  25  ) 

However  at  this  stage,  the  theory  of  the  measurement  process  says  nothing 
about  the  exact  value  of  the  physical  quantity  ZZ  but  only  indicates  the 


, 


probabilities  of  the  latter.  The  last  step  on  the  basis  of  which  an 
exact  statement  about  the  state  of  the  object  can  be  made  consists  in 
taking  a  reading  from  the  measuring  instrument . 

End  of  Digression 


CHAPTER  V 


METHOD OLOGI CAL ,  METAPHYSICAL  APT)  EPISTEMOLOGICAL 
JUSTIFICATIONS  FOR  CONSTRUCTING 


•HIDDEN  VARIABLE  THEORIES 


1.  Intorductory  Remarks 


We  saw  In  Chapter  III  that  if  Assumption  A  is  untrue  and 
must  Ue  rejected  if  quantum  theory  is  correct;  then  E.P.R.’s 
criterion  of  physical  reality  C^  must  also  he  rejected.  But  we 
also  pointed  out  that  it  is  only  on  the  basis  of  experimental 
results  and  therefore  on  the  basis  of  the  correctness  of  quantum 
theory  and  on  that  basis  alone  that  Assumption  A  ana  consequently 
E.P.R.’s  criterion  of  physical  reality  is  to  be  abandoned. 

However;  since  the  correctness  of  a  theory  does  not 
necessarily  entail  its  completeness;  the  question  as  to  whether  or 
not  quantum  theory  is  complete  (  that  is;  whether  or  not;  as  is 
usually  assumed;  the  wave  function  does  contain  a  complete  description 
of  "physical  reality"  of  the  system  in  the  state  to  which  it 
corresponds)  is  still  left  open. 


We  also  saw;  particularly  in  Chapter  IV;  that  the  orthodox 
interpretation  is  forced  to  adopt  a  new  epistemological  standpoint. 

It  rejects  Realism  and  adopts  some  phenomenal! stic  position  which  is 
based  on  the  indubitable  thesis  that  what  is  real  is  only  observation 
a nd  me a  s  ur  erne nt . 


Consequently;  a 
definite  value  before  the 
Realism  and  the  adoption 
us  to  consider  the  J 


physical  quantity  has  in  general  no 
measurement  of  the  same;  and  the  rejection  of 
of  this  new  phenomenal! stic  position  con  pells 
function  as  a  complete  description.  Thus, 


within  the 


conceptual,  framework  of  this 


orthodox  interpretation; 
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quanta ii  theory  is  assumed  to  be  complete  or  as  cc 


vmplete  as  it  can  ever 


be.  The  orthodox  interpretation  assumes  that  the  physical  state  of 
an  individual  system  is  completely  specified  and  described  by  a 
wave  function  which,  however,  predicts  only  the  probabilities  of 
actual  measured  values  that  can  be  obtained  in  a  statistical 
ensemble  of  similar  experiments. 

It  is  precisely  this  assumption  which  E.P.R.  find 
objectionable,  moreover,  this  assumption  cannot  be  tested  experimentally, 
since  it  rests  on  the  Phenomenal! st ’ s  dogma  that  what  is  real  is  only 
observation  and  measurement.  It  therefore  represents  a  tra.ns- 
empirical  or  meta- empirical  assumption  whose  truth  or  falsehood 
can  only  be  investigated  by  going  outside  the  conceptual  framework 
of  the  orthodox  interpretation  of  quantum  theory.  This  Bohm  and 
others  attempt  to  do  by  seeking  another  interpretation  of  quantum 
theory  in  terms  of  hidden  variable  theories,  which  would  allow  us, 
at  least  in  principle,  to  determine  the  precise  behaviour  of  an 
individual  system . 

lie  shall  attempt  in  this  concluding  chapter  to  give  a 
qualitative  account  of  Bohm’ s  interpretation  of  quantum  theory  in 
terras  of  hidden  variables.  Furthermore,  we  shall  support  his 
methodological  and  epistemological  reasons  for  attempting  such  an 
interpretation  on  the  basis  of  a  metaphysical  analysis  of  dispositional 
properties  of  matter.  We  shall  argue  that  we  must  be  Realists  and  not 
Phenomenal! sts  as  far  as  dispositional  properties  are  concerned. 

Our  support  is,  however,  not  only  directed  toward  a. 
specific  hidden  variable  model  as  that  given  by  Bohm,  but  is  directed 
toward  any  attempt  based  on  the  idea  of  hidden  variables  in  which  a 
theory  more  general  than  present  quantum  theory  is  sought. 
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£1  • 


The  In&eterminacv  Princi'ole 


ijohni’  s  new  interpretation  allots  us  to  conceive  r,of  each 
individual  system  as  "being  in  a  precisely  definable  state,  whose 
changes  with  time  are  determined  by  definite  laws,  analogous 
(but  not  identical  with)  the  classical  equations  of  motion. "(l) 
Bohm  continues: 

Quantum-mechanical  probabilities  are  regarded  (like 
their  counterparts  in  classical  statistical  mechanics) 
as  only  a  practical  necessity  and  not  as  a  manifestation 
of  an  inherent  lack  of  complete  determination  in  the 
properties  of  matter  at  the  quantum  level.  (2) 


However,  those  who  support  the  usual  interpretation  of 
quantum  mechanics  do  not  assume  that  the  Indeterminacy  Principle  may 
perhaps  be  a  consequence  of  an  inherent  limitation  of  quantum 
theory  in  its  present  stage  of  development.  They  assume  instead  that 
the  Indeterminacy  Principle  "represents  an  absolute  and  final 
limitation  on  our  ability  to  define  the  state  of  things  "by  means 
of  measurements  of  any  kind  that  are  now  possible  or  that  will 
ever  be  possible."  (3) 

l 

The  Indeterminacy  Principle  can  be  derived  in  two  ways . 

Me  may  first  of  all  start  with  the  assumption  already  indicated,  and 
which  E.P.R.  criticize,  viz,,  that  the  wave  function  which  determines 
only  probabilities  of  concrete  experimental  results,  nonetheless 
provides  the  most  complete  description  of  the  quantum  mechanical 
state  of  an  Individual  system. 

This  assumption,  together  with  de  Broglie’s  relation 
£  ~  ^ !j  >  T"here  &  is  the  propagation  vector,  the  value  of  which 
is  the  wave  number  associated  with  a  particular  Fourier  component 
of  the  wave  function,  constitutes  a  sufficient  basis  on  which  the 
Indeterminacy  Principle  may  he  deduced.  This  procedure  of  arriving 
at  the  Indeterminacy  Principle  leads  us  to  interpret  it  "as  an 


/ 
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inherent  and  irreducible  limitation  on  the  precision  with  which  it 
is  correct  for  us  even  to  conceive  of  momentum  and  position  as 
simultaneously  defined  quantities."  (lj)  Bohm  further  explains: 

For  if_,  as  is  done  in  the  usual  interpretation  of  the 
quantum  theory.;  the  wave  intensity  is  assumed  to 
determine  only  the  probability  of  a  given  position  and 
if  the  ^  th.  Fourier  component  of  the  wave  function  is 
assured  to  determine  only  the  probability  cf  a 
corresponding  momentum  A  £  ;  then  it  becomes 
a  contradiction  in  terms  to  ask  for  a  state  in  which 
momentum  and  position  are  simultaneously  and  precisely 
defined.  (5) 

An  alternative  derivation  of  the  Indeterminacy  Principle  is 
based  on  an  analysis  of  the  measurement  process  which  consists  of  an 
interaction  between  the  measurement  object  and  measurement  apparatus 
in  terms  of  indivisible  quanta;  such  that  it  is  impossible  to 
perform  an  actual  measurement  without  creating  some  disturbance; 
no  matter  how  sensitive  the  measuring  device  is.  We  may  however 
ask  whether  this  disturbance  can  be  predicted  or  controlled;  such 
that  one  could  still  in  principle  obtain  unlimitedly  accurate  results; 
and  therefore  simultaneous  measurements  of  both  position  and  momentum. 

If  this  would  he  possible;  at  least  in  principle;  then  the  Indeterminacy 
Principle  would  be  violated  and  would  not  constitute  an  inherent 
and  irreducable  limitation  within  the  conceptual  structure  of  the 
theory;  but  a  practical  limitation  that  could  be  overcome;  at  least 
in  principle;  through  improved  measurement  techniques. 

However;  since  the  Indeterminacy  Principle  is  a  necessary 
consequence  of  the  completeness  assumption  of  the  orthodox  interpretation 
of  quantum  theory  (i.e.  the  wave  function  and  its  probability  inter¬ 
pretation  provide  the  most  complete  possible  specification  of  the 
state  of  an  individual  system);  Bohm  points  out  (6)  that  Bohr  and 
others  have;  in  order  to  avoid  a  contradiction  of  the  completeness 
assumption,  made  an  additional  assumption.  This  additional  assumption 
asserts  "that  the  process  of  transfer  of  a  single  quantum  from 


1 
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observed  system  to  measuring  apparatus  is  inherently  unpredictable, 
uncontrollable,  and  not  subject  to  a  detailed  analysis  or  description." 
(7)  Sohni  continues: 

With  the  aid  of  this  assumption  one  can  show  that  the 
same  uncertainty  principle  that  is  deduced  from  the 
wave  function  and  its  probability  interpretation  is 
also  obtained  as  an  inherent  and  unavoidable  limitation 
on  the  precision  of  all  possible  measurements.  Thus, 
one  is  able  to  obtain  a  set  of  assumptions,  which 
permit  a  self-consistent  formulation  of  the  usual 
interpretation  of  the  quantum  theory.  (8) 


Of  course  such  a  set  of  assumptions  compell  us,  as  we  saw 
in  the  previous  chapter,  to  renounce  Realism  and  adopt  a  new  epistem¬ 
ological  standpoint  which  has  its  own  logical  consequences.  Bohr  has 
given  a  detailed  and  consistent  analysis  of  this  standpoint  in  terms 
of  the  Principle  of  Complementarity.  This  principle  requires  that  we 
renounce  the  classical  concept  of  models  of  physical  systems,  as  well 
as  mathematical  models,  that  is,  mathematical  concepts  that  have 
a  one-to-one  correspondence  with  physical  objects  which  they  describe. 


the 


f 


Consequently,  as  was  pointed  out  in  the  previous  chapter. 


function  must  not  be  conceived  of 


conceptual  model. 


The  insufficiency  of  the  V7  function  as  a  model -surrogate  (Modell¬ 
er  satz),  we  quoted  Schrodinger  as  saying,  (c.f.p.  73),  rests  exclusively 
on  the  fact  that  we  do  not  always  have  a  ^  function  in  cases  where 
we  would  expect  to  have  one.  This  simply  means  that  the  ^  function 
is  not  in  a  one-to-one  correspondence  with  the  behaviour  of  a  system. 

The  Principle  of  Complementarity  requires  that  we  'reject 
precisely  defined  conceptual  models  (pictorial  or  mathematical.), 
and  restrict  ourselves  to  inherently  imprecisely  defined  concepts, 
such  as  position  and  momentum,  particle  and  wave, etc.  The  maximum 
degree  to  which  we  can  define  one  member  of  a  complementary  pair  of 
imprecisely  defined  concepts  is  reciprocally  related  uo  Tie  cei. iiix oeness 
of  the  other  member.  It  is  the  experimental  conditions  which  determine 
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hov  precisely  every  member  of  such  a  complementary  pair  of  concepts 
can  be  deiined.  The  measuring  instrument  needed  for  a  precise 
measure], lent  of  momentum ,  for  example,  would  preclude  a  precise  and 
simultaneous  measurement  of  position. 

Thus,  together  with  the  completeness  assumption,  the 
Principle  of  Complementarity  "implies  a  corresponding  unavoidable 
lack  of  precision  in  the  very  conceptual  structure,  with  the  aid  of 
which  we  can  think  about  and  describe  the  behaviour  of  the  system. "(9) 
This  means  that  the  ha.sic  properties  of  matter  can  never  be  understood 
rationally  In  terms  of  unique  and  unambiguous  models  .  .  .  the  limitation 
on  our  concepts  implicit  in  the  principle  of  complementarity  are 
regarded  as  absolute  and  final."  (lO) 

The  consequences  are,  as  Bohni  further  points  out,  that  we 
are  not  allowed,  for  example: 

.  .  .  to  attempt  to  describe  in  detail  how  future 
phenomena  arise  out  of  past  phenomena.  Instead,  we 
should  simply  accept  without  further  analysis  the  fact 
that  future  phenomena  do  in  fact  somehow  manage  to  be 
produced,  in  a  way  that  is,  however,  necessarily  beyond 
the  possibility  of  a  detailed  description.  The  only 
aim  of  a  mathematical  theory  is  then  to  predict  the 
statistical  relations,  if  any,  connecting  these  phenomena. 

(11) 


3*  Criticism  of  the  Orthodox  Interpretation  of  Quantum  Mechanic] 


Bohm’s  criticism  of  the  usual  interpr elation  of  quantum 
theory  is  particularly  directed  against  the  latter’s  insistence  to 
"give  up  the  possibility  of  even  conceiving  precisely  what  night 
determine  the  behaviour  of  an  individual  system  at  the  quantum  level, 
without  providing  adequate  proof  that  such  a  renunciation  is 
ne ce  s sary . "  ( 12 ) 


' 
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The  orthodox  interpretation  of  quantum  theory  is  self- 
consi stent,  "but  such  consistency  docs  not  constitute  in  itself  sufficient 
grounds  to  exclude  the  possibility  of  other  equally  consistent 
interpretations,  which  would  involve  additional  elements  or  parameters 
permitting  a  detailed  causal  and  continuous  description  of  all  processes, 
and  not  requiring  us  to  forego  the  possibility  of  conceiving  the 
quantum  level  in  precise  terms.”  (13) 


This  insistence  of  the  orthodox 
supported  by  von  Neumann's  theorem  accordin 
of "hidden  variables”  is  incompatible  with  e 
quantum  theory.  According  to  von  Neumann’s 


doctrine  is  furthermore 
g  to  which  the  assumption 
stablished  results  of 
theorem,  Bohm  points  out: 


.  .  .  it  would  not  only  be  impossible  to  verify  experiment¬ 
ally  any  causal  theory  that  aimed  to  predict  the 
detailed  behaviour  of  an  individual  system  at  the  atomic 
level,  but  it  is  impossible  even  to  conceive  of  such 
an  explanation.  Tor  von  Neumann  proved  that  no 
conceivable  distribution  of  motion  of  'hidden'  parameters 
in  the  observed,  system  could  lead  to  precisely  the  same 
results  as  those  of  Schro’dinger '  s  equation,  plus  the 


probability  interpretation  of  the  wave  function.  Thus, 
for  example,  one  could  no  longer  imagine  that  even  a 
Laplacian  super-being  who  obtained  information  without 
disturbing  the  system  by  means  of  a  measurement  could 


make  precise  predictions  about  the  future.  In  this  way 
the  indeterminacy  principle  is  supplemented;  for  the 
impossibility  of  making,  measurements  more  precise  than 
the  limits  set  by  this  principle  should,  according  to 
the  theorem  of  von  Neumann,  be  regarded  as  a  result 
of  the  fact  that  nothing  even  exists  corresponding  to  a 
set  of  'hidden'  parameters  having  a  degree  of  precision 
of  definition  going  beyond  these  limits.  Thus  the 
renunciation  of  causality  in  the  usual  interpretation  of 
the  quantum  theory  is  not  to  be  regarded  as  merely  the 
result  of  our  inability  to  measure  the  precise  values 


of  variable 
causal  laws 


s  that  would  enter  into  the  expression  of 
at  the  atomic  level,  but,  rather,  it  should 


be  regarded  as  a  reflection  of  the  fact  that  no  such 
laws  exist.  (l4) 
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Von  Neumann ’  s  proof  consists  partly  in  a  showing  that  on  t 
"basis  ox  tne  usual  rules  in  quantum  theory  for  calculating  the 
probabilities  there  can  be  no  "dispersion-free  states",  that  is, 
to  quote  Bohn: 


.  .  .  scaces  in  which  the  values  of  all  possible 
observables  are  simultaneously  determined  by  the 
physical  parameters  associated  with  tie  observed  system. 
For  example.,  if  we  consider  two  non- commuting  observables, 
p  and  q,  then  von  Neumann  shows  that  it  would  be  incon¬ 
sistent  with  the  usual  rules  of  calculating  quantum- 
mechanical  probabilities  to  assume  that  there  were  in  the 
observed  system  a  set  of  hidden  parameters  which 
simultaneously  determined  the  results  of  measurements 
of  position  and  momentum  ’ observables ’ .  (15) 


Bohm  agrees  with  this,  but  suggests  in  his  new  interpretat 
that  the  "observables"  are  not  properties  which  belong  to  the 
observed  system  alone ,  but  also  to  the  measuring  apparatus  such  that 
when  we  measure  the  momentum  ’ observable ’ ,  the  final  result  is 
determined  by  hidden  parameters  in  the  momentum-measuring  device 
as  well  as  by  hidden  parameters  in  the  observed  electron."  (16) 

Bohm  concludes: 


Von  Neumann’s  proof  .  .  .  that  no  single  distribution 
of  hidden  parameters  could  be  consistent  with  the 
results  of  quantum  theory  is  therefore  irrelevant  here, 
since  in  our  interpretation  of  measurement  of  the  type 
that  can  now  be  carried  out,  the  distributionof  hidden 
parameters  varies  in  accordance  with  the  different 


mutually  exclusive  experimental  arrangements  of  matter 
that  must  be  used  in  making  different  kinds  of  measuremeni 
In  this  point,  we  are  in  agreement  with  Bohr,  who 
repeatedly  stresses  the  fundamental  role  of  the  measuring 
apparatus  as  an  inseparable  part  of  the  observed  system. 
We  differ  from  Bohr,  however,  in  that  we  have  proposed  a 
method  by  which  the  role  of  the  apparatus  can  be  analyzed 
and  described  in  principle  in  a  precise  way  .  .  .  (17) 
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However ,  the  question  whether  or  not  there  exists  a  deeper, 
or  what  Bohm  calls  a  sub -quantum-mechanical  level,  of  continuous  and 
causally  determined  motion  which  would  lead  to  the  present  laws  of 
quantum  mechanics  as  an  approximation,  is  still  problematic.  For 
example,  Capas so.  Fortunate  and  Seller!  point  out  in  a  recent  paper 
that  to  arrive  at  his  conclusion  von  Neumann  "has  tacitly  assumed 
that  his  hypotheses  are  so  general  that  they  will  be  satisfied 
by  any  theory  having  Q.M.  has  an  approximation"  (l8)  Moreover, 

Bohm  and  Bub  point  out  that  it  has  been  suggested  that: 


.  .  .  the  reasoning  involved  in  von  Neumann's  proof 
is  circular  and  that  the  conclusion  is  tacitly 
assumed  in  the  premises  on  which  the  argument  is  based. 
Other  authors  (the  most  recent  of  whom  are  Jauch  and 
Piron  19  )  deny  that  the  conclusion  depends  on  a 
circular  argument  .  .  .  Finally,  it  has  recently  been 
pointed  out  by  Bell  20  that  von  Neumann’s  proof  is 
based  on  certain  unnecessarily  restrictive  assumptions 
and  that  when  these  are  not  made  the  proof  breaks  down . 
(21) 


Nonetheless,  to  simply  assert  that  there  is  no  deeper  level 
of  causally  determined  motion  is,  as  Bohm  rightly  points  out, 

"just  a  piece  of  circular  reasoning,  since  it  will  follow  only  if 
we  assume  beforehand  that  no  such  level  exists."  (22) 

It  seems  that  on  the  basis  of  the  Indeterminacy  Principle 
and  von  Neumann’s  proof  conclusions  have  been  drawn  which  follow 
neither  from  empirical  facts  nor  from  the  mathematical  concepts  of 
the  theory,  but  which  are  based  on  the  usually  implicit  assumption 
that  the  current  formulation  of  quantum  theory  Is  final  and  absolute 
in  the  sense  that  it  will  not  bo  superceeded  by  deeper  theories--  . 
in  which  case  the  present  theory  would  constitute  a  good  approximation 
on  the  atomic  scale.  The  Indeterminacy  Principle  would,  then,  have  no 
relevance  at  the  sub -quantum-mechanical  lever  since  the  assumptions  on 
which  it  rests  would  break  down  at  that  level. 


' 

1 

• 

. 


Page  88 


We  therefore  suggest  that  from  methodological  and  epistem¬ 
ological  considerations  alone,  it  is  incumbent  upon  us  to  inquire 
whether  or  not  the  statistical  fluctuations  have  causes  which 
are  however  as  yet  unknown  to  us,  but  which  might  be  explained  through 


"deeper"  theories.  To  postulate  hidden  variables  would  be  analogous 
to  early  forms  of  atomic  theories  in  which  the  existence  of  atoms 
was  postulated  ir:  order  to  explain  large-scale  phenomena.  Bohm 
says  that  in  the  case  of  Brownian  motion,  for  example. 


.  .  .  the  postulate  was  made  that  the  visible  irregular 
motions  of  spore  particles  originated  in  a  deeper 
but  as  yet  invisible  level  of  atomic  motion.  Hence  all 
the  factors  determining  the  irregular  changes  in 
Brownian  motion  itself,  but  rather, .  most  of  them  were 
assumed  to  exist  at  the  level  of  atomic  motions.  (23) 


The  assumptions  that  underlie  the  orthodox  interpretation 
of  quantum  theory  are  according  to  Bohm  supported  by  two  ba,sic 
considerations . 


One  believes  first  of  all  that  man  is  capable  "to  conceive 
of  only  two  kinds  of  things,  namely  fields  (2k)  and  particles."  (25) 
Since  we  can  only  conceive  of  what  we  encounter  in  everyday  experience, 
"  or  at  most  in  experience  with  things  that  are  in  the  domain  of 
classical  physics  where  .  ...  all  phenomena  fall  into  one  or  the 
other  of  these  two  classes",  (26)  it  is  believed  that  in  the  classical 


domain  where  neither 


particle  concept 


nor  the  wave  concept  each 


by  themselves  provide  an  adequate  desert 
"passed  beyond  the  domain  ox  what  we  can 
Heisenberg,  for  example,  expresses  this 


ption  of  matter,  we  have 
conceive  of."  (27) 
point  of  view  as  follows: 


Light  and  matter  are  both  single  entities,  and  the 
apparent  duality  arises  in  the  limitation  of  our 
language.  It  is  not  surprising  that  our  language  should 
be  incapable  of  describing  the  processes  occurring  with  the 
atoms,  for,  as  has  been  remarked,  it  was  invented  to 
describe  'the  experiences  of  daily  life,  .  .  .  Furthermore, 

it  is  very  difficult  to  modify  our  language  so  that  it 
will  be  able  to  describe  these  atomic  processes,  for  words 
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can  only  describe  things  of  which  we  can  form  mental 
pictures  and  this  ability,  too,  is  a  result  of  daily 
exp  e  r i e n c  e .  (28) 


.  F.  von  Weiszacker  argues  on  similar  lines  when  he  says: 


How  can  we  experience  something  of  the  atoms?  In  the 
last  resort  only  through  sensous  perception,  therefore 
in  the  language  of  classical  physics  .  .  .  Classical 
Physics  provides  the  character  and  mode  in  which  the 
atom  alone  can  appear;  it  is  because  of  this  that  it 
says  nothing  about  the  atom  in  itself.  (29) 


According  to  this  view  we  must  be  satisfied  with  statistical 
results  obtained  through  suitable  mathematical  calculations,  since 
our  conceptual  thinking  is  restricted  to  the  classical  domain 
only.  "As  a  result, "  Bohm  remarks,  "any  effort  at  conceiving  of  a 
sub- quantum-mechanical,  level  is  foredoomed  to  failure,  since  even 
if  such  a  level  should  actually  exist,  we  could  never  have  direct 
experience  with  the  entities  in  it,  and  could,  therefore,  never 
hope  to  imagine  what  these  entities  might  be  like."  (30) 

However,  objections  of  this  kind  to  hidden  variable  theories 
do  not  stand  on  firm  grounds.  As  was  pointed  out  in  the  previous 
chapter,  scientific  progress  is  essentially  reconstruction.  It  is 
not  a  mere  passive  reflection  upon  experiences  we  have  and  therefore 
a  passive  accumulation  of  data. 

It  is  true  that  we  start  out  with  everyday  experience,  and 
that  our  knowledge  and  thinking  is  guided  by  it,  but  this  does  not 
necessarily  imply  that  knowledge  is  derived  from  sense  experience 
itself,  for  as  Kant  says: 

Experience  is,  beyond  all  doubt,  the  first  product  to 


which  oui 


understanding  gives  rise,  in  working  up  the 


raw  material  of  sensible  impressions,  (sinnliche  Emp- 
f indung en)  Experience  is  therefore  our  first  instruction, 
.  .  .  Nonetheless,  it  is  by  no  means  the  sole  field  to 
which  our  understanding  is  confined.  Experience  tells 
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us  indeed ,  what  is,  hut  not 
he  so,  and  not  otherwise, 
true  universality;  and  reas 
upon  this  kind  of  knowledge 
by  it  than  satisfied.  (31) 


that  it  must  necessarily 
It  therefore  gives  us  no 
on,  which  is  so  insistent 
,  is  therefore  more  stimulated 


It  is  impossible  that  only  passive  reflection  of  everyday 
experiences,  or  even  only  the  accumulation  of  data  within  a  laboratory, 
could  have  brought  about  scientific  progress.  Aristotle's  theory  of 
notion,  for  example,  had  a  great  deal  of  support  from  everyday 
experience.  In  order  to  make  progress  scientifically  we  must  go 
beyond  physical  phenomena  and  attempt  to  learn  more  than  what  the 
phenomana  themselves  suggest. 


The  other  major  consideration  which  supports  the  assumptions 
of  the  usual  interpretation  of  quantum  mechanics  and  opposes  hidden 
variable  theories,  is  ba,sed  on  the  positivistic  bias  which  asserts 
that  one  ought  not  to  postulate  the  existence  of  entitles  which 
cannot  already  be  observed  by  acceptable  methods.  This  objection  is 
based  primarily  on  the  Verification  Principle  (32)  which  states  in  part, 
that  only  those  statements  are  meaningful  which  can  be  empirically 
verified,  and  that  therefore  only  meaningful  statements  may  be 
either  true  or  false.  Statements  that  are  not  subject  to  verification 
and  falsification  that  determine  their  truth  or  falsehood  are  considered 
to  be  meaningless  statements. 


We  may  counter  this  objection  in  three  ways:  First,  the 
Verification  Principle  is  itself  empirically  unverifiable  and  by 
its  own  criteria  doomed  to  be  meaningless.  Secondly,  the  Positivist's 
principle  is  not  a  good  working  hypothesis  within  the  context  of 
scientific  research.  One  can  give  many  examples  from  the  historical 


evelopment  of  science  in  which  it  was  useful  to  postulate  the  existence 
of  unknown,  unobservable  entities,  long  before  any  acceptable  procedures 
were  available  that  permitted  their  direct  observation.  It  Is  often 


from  speculative  methods  that  useful  results  will  be  obtained.  It 
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is  in  this  way  that  de  Broglie,  tor  example,  obtained  the  wave 
equation  which  was  supported  by  experiments  only  afterwards . 

Thirdly,  the  emphasis  should  not  be  put  on  the  verifiability 
of  a  theory  in  the  first  place,  but  rather,  as  Popper  has  suggested 
quite  cogently,  the  basic  requirement  for  a  scientific  theory  is  that 
it  should  be  constructed  and  expressed  in  terms  that  make  it 
falsif table.  (33) 

It  appears  that  the  .acceptance  of  the  completeness  assumption 
the  Complementarity  Principle  and  von  Neumann* s  proof,  together  with 
the  empirical  success  of  quantum  theory,  makes  it  not  only  impossible 
to  construct  deeper  theories  which  embody  a  more  general  structure 
of  concepts,  but  prevents  one  even  from  asserting  the  possibility 
that  the  basic  assumptions  and  postulates  underlying  quantum 
theory  may  be  false.  As  Bohra  remarks:  "The  usual  interpretation 
therefore  presents  us  with  a  considerable  danger  of  falling  into 
a  trap ,  consisting  of  a  self-closing  chain  of  circular  hypotheses 
which  are  in  principle  unverifiable  if  true.”  ( 3*0 

Can  we  accept  in  earnest  the  claim  that  the  postulates 
of  quantum  theory  are  final  and  absolute  truths  that  can  never  be 
falsified  or  shown  to  be  valid  only  as  approximations  or  limiting 
cases  in  the  atomic  domain- -and  that  therefore  the  only  changes 
of  the  theory  to  be  made  are  in  terms  of  ad  hoc  extensions? 

In  view  of  this  question  Bohm  draws  the  following 
pertinent  analogy: 

What  Is  common  to  both  classical  physicists  and  modern 
physicists  is,  therefore,  a  tendency  to  assume  the 
absolute  and  final  character  of  the  general  features  of  the 
most  fundamental  theory  that  happens  to  be  available 
at  the  time  at  which  they  are  working,  flips,  the  usual 
interpretation  of  quantum  theory  represents,  in  a  certain 
sense,  a  rather  natural  continuation  of  the  mechanistic 
attitude  of  classical  physicists,  suitable  adjusted  to  take 
into  account  the  fact  that  the  most  fundamental  theory  now 
available  is  probabilistic  in  form,  and  not  deterministic.  (  35) 


" 


' 


Page  92 


Hidden  variable  theories  may  serve  two  principle  purposes 
according  to  Bohn.  (36)  Firstly  they  provide  a  specific  form 
within  which  to  crystallize  the  limitations  and  presuppositions  of 
the  orthodox  interpretation ,  and  are  a  good  testing  ground  for  the 
latter 's  assumptions  and  postulates.  Secondly,  hidden  variable 
theories  may  shed  light  on  problems  that  are  not  very  well 
understood.  For  example  Bohm  points  out: 

At  distances  of  the  order  10  cm.  or  smaller  and  for 
times  of  the  order  of  this  distance  divided  by  the 
velocities  of  light  or  smaller,  present  theories  become 
so  Inadequate  that  it  is  generally  believed  that  they 
are  probably  not  applicable,  except  perhaps  In  a  very 
crude  sense.  (37) 

However,  some  physicists  would  argue  that  in  order  to 
overcome  'some  of  the  problems  we  may  be  led  to  new  theories,  that 
would  in  all  likelihood  turn  out  to  be  even  more  probabilistic  than 
present  quantum  theory  is.  Although  this  possibility  cannot  be 
denied  a  priori,  it  represents  a  rather  narrow  and  pessimistic 
attitude  which  is  again  based  on  the  assumption  that  the  present 
theory  cannot  be  super ceeded  by  a  more  fundamental  theory  which  would 
povide  an  objective  and  precisely  definable  description  of  physical 
reality  at  the  quantum  level  of  accuracy.  Moreover,  in  line  with  a 
previous  quotation  (c . f. footnote  35)  Bohm  points  out: 


.  .  .  nineteenth -century  physicists  could  equally  well- 
have  claimed  that  the  unbroken  success  of  the  deter¬ 
ministic  laws  of  classical  mechanics  in  three  centuries 
of  application  was  a  very  strong  indication  that  progress 
into  new  domains  would  be  very  likely  to  lead  to  laws  that 
were,  if  anything,  even  more  deterministic  than  those  that 
already  existed.  (38) 
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The  historical  development  of  science  therefore  indicates 
that  our  epistemology  is  to  a  large  extent  influenced  hy  present 
theories,  and  Bohm  asserts  quite  rightly,  that  it  is  therefore  "not 
vise  to  specify  the  possible  forms  of  future  theories  in  terms 
of  purely  epistemological  limitations  deduced  from  existing 
theories."  (39) 

A .  An  Analysis  of  Dispositional  Prop e r t i e s 


The  subjectivistic,  positivistic  or  phenonenalistic 
interpretations  of  quantum  theory  assert  that  a  micro-object  has 
no  properties  at  all  when  it  is  not  observed.  According  to  this 
view,  "one  may  say  that  its  only  node  of  being  is  to  be  observed; 
for  the  notion  of  an  atom  existing  with  uniquely  definable  properties 
of  its  own  even  when  it  is  not  interacting  with  a  piece  of  observing 
apparatus,  is  meaningless  within  the  framework  of  this  point  of 
view."  ( to) 

Digression :  Phenomenalism  as  used  in  the  present  context  must  be 
distinguished  from  the  orthodox  metaphysical  Phenomenalism  which 

reduces  everything  to  sense  data.  In  the  present  context  a 

» 

Phenomens,list  can  be  a.  Realist  about  large-scale  phenomena  but 
denies  the  real  (autonomous)  existence  of  well  defined  properties 
of  a  microscopic  object. 

End  of  Digression 

A  Realist’s  account  of  dispositional  properties  of  an 
object  "X"  can  be  illustrated  in  the  following  way:  To  speak  of  a 
piece  of  sugar  as  having  the  dispositional  property  of  solubility 
entails  that  the  piece  of  sugar  is  in  some  non-di spositional  state, 
or  has  some  categorical  basis  (e.g.  l.olecular  structure)  which  is 
responsible  for  the  sugar  manifesting  the  behaviour  of  dissolving  in 
a  certain  circumstance  such  as  the  sugar’s  immersion  in  water,  a 
manifestation  of  behaviour  whose  nature  (namely,  that  of  dissolving) 
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makes  Poe  dispositional  property  the  specific  dispositional  property 
it  is.  (4l) 

ibe  las  b  part  of  the  sentence  may  appear  to  he  redundant , 
but  it  is  not.  An  object  MX  '  which  possesses  a  certain  non- 
Q.ispositioiial  proper  oy  nl  .  may  display,  whenever  subjected  to  a 
condition  0  benavrour  B^ ,  B^,  .  .  .  B  respectively.  Thus,  for 
example.,  a  piece  of  iron  may  be  disposed  to  expand,  to  change  colour, 
and  to  become  softer  whenever  it  is  heated. 

However,  according  to  the  Phenomenalist,  the  sugar’s 
possession  of  a  dispositional  property  does  not  entail  that  the 
sugar  is  in  a  particular  state,  or  undergoes  a  particular  change, 
but.  bn  at  che  sugar  is  bound  or  liable  to  be  in  a  particular  state, 
or  to  undergo  a  particular  change,  namely,  dissolving,  when  a 
particular  condition  is  realized,  namely  the  immersion  of  the  sugar 
in  water. 


Thus  for  the  Phenomenalist,  the  object's  possession  of 
a  dispositional  property  does  not  entail  the  existence  of  a 
categorical  state.  Perhaps  this  distinction  may  best  be  illustrated 
as  follows: 


If  P  ,  P^, .  .  .  P  stand  for  the  dispositions  of  an 
1  m  n 


object 


IUt-H 


nd  the  object  X"  exhibits  under  a  certain  condition  "C1 


the  characteristic  behaviours  B  ,  B^,  . 


B  >  we  may,  m  principle 
n  * 


least,  determine  in  two  ways  whether  a  given  object  "x"  has  the 
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at  a  given  time 


ii,  n 

t 


The 


dispositional  properties  Pn ,  P0,  .  . 

Phenomenalist’ s  method  consists  in  producing  a  specified  condition 

"C"  and  in  determining  whether  or  not  the  behaviours  B_ ,  B_,  .  .  .  B 

1  d  n 

are  obtained.  The  Beall st’s  method  consists  in  analyzing  the  "state" 

in  sufficient  detail,  (this  may  however  not  always 


r,  .  Hull 

of  X  at  time  b 


be  possible  in  practice,  but  it  is  assumed  to  be  possible  in 
principle),  such  that  it  is  possible  to  deduce  from  the  information 
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gained  of  the  "state"  of  "X"  (viz.  the  categorical  basis  of  "x") 
with  the  help  of  scientific  lavs,  the  behaviours  Bn ,  B0,  .  .  .3 
which  "x"  would  exhibit  under  any  specified  circumstance  "C".  The 
Realist  would  then  be  abl  e  to  predict  whether  or  not  under  a 
specified  condition  "C",  "X"  would  exhibit  behaviours  B  ,  B^;  .  . 


•p, 


V 


and  consequently,  whether  or  not  "X"  possesses  P  ,  P^, 


.  . ,  P  . 

n 


For  example,  let  "x"  be  a  lump  of  sugar  and  "P"  be  its 
dispositional  property  of  solubility  which  is  manifested  through  its 
behaviour  when  immersed  in  water.  In  principle,  at  least,  the 
hypothesis  that  the  piece  of  sugar  possesses  the  dispositional 
property  "Solubility"  is  tested  in  two  ways.  The  Phenomenalisms 
method  consists  in  immersing  the  sugar  into  water  and  observing 
its  behaviour  under  this  particular  circumstance  "C".  If  it 
dissolves,  it  has  the  dispositional  property  "Solubility".  The 
Realist,  on  the  other  hand,  may  study  the  molecular  structure  of  the 
piece  of  sugar,  and  with  the  help  of  physical  laws,  may  predict 
the  behaviour  which  would  result  under  the  specified  condition. 

Applying  the  Realist’s  account  to  such  phenomena  as 
power,  forces,  capacity,  etc.,  we  may,  for  example,  say  that  a 
magnet  has  the  disposition  or  capacity  to  attract  certain  metals, 
and  that  this  capacity  to  attract  is  a  causal  factor  in  the  process 
of  attraction,  since  this  capacity  or  disposition  to  attract  is 
contingently  related  to  microscopic  events  within  a  magnet  whose 
electrons  have  synchronized  spins.  But  the  magnetic  intensity  may 
vary  with  time.  In  fact,  what  was  at  time  t  a  magnet  may  not  be 


-C  L* 


n 


a  magnet  at  time  t0 .  The  Pheno. nenalist  is  thus  unable  to  predi< 
whether  or  not  a  piece  of  iron  has  the  disposition  of  magnetism 
at  t„,  even  though  it  manifested  this  property  at  t^ .  However, 
the  Realist  may  overcome  this  limitation  and  take  advantage  of  the 
properties  of  matter  which  in  this  case  depend  significantly  on 
the  specific  microscopic  structure  of  the  particular  object  in  question. 


- 
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;Ie  may,  ior  exar.ipl.e_,  examine  the  microscopic  structure  through  a 
photomicrograph.  A  photomicrograph,  made  hy  reflecting  polarized 
light  from  the  surface  of  a  piece  of  metal ,  can  visually  indicate  the 
metal's  magnetic  properties-  (‘12)  Analogously ,  we  nay  have  to,  and 
may  even  be  able  to  take  advantage  of  the  properties  of  matter 
which  depend  significantly  on  the  sub- quantum-mechanical  level,  in 
order  uo  overcome  the  limitations  of  present  quantum  theory. 

Moreover,  the  latter  example  of  the  magnet  illustrates 
that  the  Postivist's  assertion,  that  we  should  not  postulate  the 
existence  of  entities  which  we  do  not  already  know  hoi/  to  observe, 
imposes  severe  restrictions  on  scientific  progress.  Without  assuming 
that  certain  entities  might  he  real  we  would  have  no  real  cause  for 
searching  for  particular  methods  specifically  designed  to  show  that 
they  are  real.  It  is  simply  not  the  case  that  scientific  progress 
is  made  only  through  discovery  of  new  brute  facts.  New  facts  lead 
to  new  concepts  and  theories  which  in  turn  lead  to  new  experiments 
and  thus  to  the  discovery  of  new  facts. 


But  the  Phenomena list  and  the  Realist  agree  that  the 
meaning  of  dispositional  predicates  is  such  that  it  is  logically 
possible  for  an  object  to  have  a  disposition  which  is  nonetheless 
never  manifested  In  actual  behaviour. 

Furthermore,  both  would  agree  what  it  is  to  he  a  disposi¬ 
tional  property,  but  they  would  disagree  on  what  having  a  disposition¬ 
al  property  entails.  Both  agree  that  to  say  ITXn  has  a  dispositional 
property  entails  there  is  behaviour  ''Blf  and  circumstance  l>Cn,  such 
that  "x"  would  exhibit  "Brt  in  rrCn . 

Analogously,  both  the  Realist  and  the  Phenomenal! st  would 
hat  "X"  (  “  electron)  has  the  dispositional  property  to  he 


agree  t1- 


particle-like  in  that  "x"  exhibits  partic.le-llke  behaviour  B  in  a 

certain  circumstance  C  ,  and  that  it  has  the  dispositional  property 

P 


Page  97 


P  to  be  wave-like  in  that  it  exhi 


W 

~\  •  n.o 

0.11 


bit 


wave -like  behaviour  B  in  a 

w 


erent  experimental  arrangement  C  .  Bote,  that  C  and  C  are 


mutually  exclusive  experimental  arrangements . 


i- 


But  the  Realist  wants  to  say  more  than  that.  He  wants  to 
talk  about  dispositions  in  terms  of  inner  states  of  objects  and 
their  causal  relation  to  specific  manifest  behaviour.  The  hidden- 
variable  theorist  likewise  wants  to  talk,  for  example,  about  the 
dispositions  of  an  electron,  which  under  mutually  exclusive 
experimental  arrangements  exhibits  either  wave -like  or  particle-like 
behaviour,  in  terms  of  underlying  phenomena. 

The  Realist,  when  talking  about  dispositions,  deals  not 
only  with  possibilities  but  also  with  actualities,  whereas  the 
Phenomenalist  deals  with  possibilities  only.  For  the  Realist  to 
talk  about  dispositions  entails  talking  about  the  existence  of 
some  non-dispositional  state.  Thus,  dispositions  can  be  identified 
contingently  with  states  and  events.  The  Phenomenal! st,  on  the 
other  hand,  thinks  of  dispositions  only  in  terms  of  possible  behaviour, 

According  to  the  Realist,  having  the  dispositional 

property  "p"  is  not  sufficient  for  "k" ' s  doing  "B"  in  "C".  Likewise, 

for  the  hidden-variable  theorist,  having  the  dispositions  to  be 

wave-like  (p  }  and  oarticle-like  (P  )  is  not  sufficient  for  "X,r's 
w  P 

("X"  “  electron)  doing  B  in  C  or  E  in  C  .  What  is  required  and 

°  w  w  p  p 

sought  is  a  further  property  ,TQ!I  (categorical  basis)  which  is 


responsible  for  "X"  displaying  "B”  in 


it  T)  tr 


This  can  be  stated  more  generally  and  precisely  as  follows: 


D: 


"p"  is  a  dispositional  property  if  and  only  if  there 
is  behaviour  "b"  in  circumstance  "C"  and  a  non-dispos¬ 
itional  property  or  state  "Q"  such  that  the  following 
is  true:  An  object  "x"  has  "P,?  if  and  only  if  "x" 
has  "Q"  and  ,TXT,,s  having  "Q"  makes  "x"  exhibit  "B" 


! !  ri  IT 
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~ 
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But  this  definition  s 


;erm  non-dispositional'  to  define  "dispositional/1.  But  the 


sens  no  be  circular  since  ve  use  the 

former 


term  itself  is  undefined  so  long  as  the  latter  term  is  not  defined. 


ir 

iiIq 


;nis  circularity  can  ever 


be 


The  question  arises  whether  or  not  •‘-b-i 
completely  avoided,  that  is,  whether  or  not  it  is  possible  to  make 
an  absolute  distinction  between  a  non-dispositional  property  and  a 
dispositional  property.,  and  therefore  define  or  reduce  the  latter  in 
terms  of  the  former  in  an  absolute  sense. 


The  answer  is  no.  We  would  want  to  contend  that  it  is 
impossible  to  reduce  in  the  final  analysis  a  dispositional  property 
to  a  non-dispositional  property  or  predicate,  for  it  can  be  shown 
that  all  physical  as  well  as  psychological  properties  are  dispositional. 


Digression:  What  is  often  overlooked  is  that  not  only  predicates 
that  have  a  suffix  like  "able",  "ible",  etc.  are  disposition 
predicates,  but  that  every  predicate  that  describes  a  quality 
or  property  of  an  object  or  a  system  is  a  dispositional  predicate. 
Quine  says  that  it  is  only  "on  this  ety  nologi cal  count,  if  at  all, 
that  such  terms  as  'red'  might  not  be  said  to  be  dispositional 
as  well"  (43)  Goodman  maintains  that  "to  say  that  a  thing  is  hard, 
quite  as  much  as  to  say  that  it  is  flexible,  is  to  make, a  statement 
about  potentiality  .  .  .  and  for  that  matter,  a  red  object  is 
likewise  one  capable  of  certain  colour  appearances  under  certain 
lights,  and  a  cubical  object  is  one  capable  of  fitting  try  squares 
and  measuring  instruments  in  certain  ways.'  ’  m 


Popper  likewise  suggests  pi-5)  that  the  dispositional 
character  of  any  universal  property  of  an  object  will  become  clear 
if  we  consider  what  tests  we  should  undertake  when  we  are  in  doubt 
as  to  whether  or  not  the  property  is  present  in  some  particular  case. 
Thus  red  is  dispositional  in  that  it  is  able  to  reflect  a  certain  kind 
of  light.  Something  looks  red  in  certain  situations  or  as  Quine  puts 
it,  "an  object  is  red  if  it  is  disposed,  given  a  chance  to  reflect 
a  certain  range  of  low  frequencies  selectively"  (46)  Even  "looking 
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red  is  dispositional,  for,  according  to  Popper  (47)  it  describes 
the  disposition  of  a  thing  to  make  observers  agree  that  it  looks 
red.  He  rejects  the  distinction  between  dispositional  and  non- 
dispositional  terms  on  the  grounds  that  "breakable"  and  "broken", 
Soluble"  and  "dissolved"  are  all  dispositional,  but  the  difference 
is  one  of  degree.  "Breakable"  is  "dispositional"  in  a  higher 
degree  than  "broken",  but  nonetheless  both  are  dispositional. 

Dispositional  properties  characterize  the  law-like 
behaviour  of  objects.  In  attributing  the  universal  term  "glass"  to 
a  pane,  one  specifies  certain  properties  of  the  pane,  viz,  being 
brittle,  translucent,  etc..  Each  of  these  properties  is  a  mani¬ 
festation  of  the  disposition  "glass"  that  characterizes  the  "law-like" 
behaviour  of  glass. 

End  of  Digression 

To  make  the  above  definition  a  bit  clearer,  all  we  can 

do  is  to  define  "Q"  phenomenal! stically  in  changing  "Q"  is  a  non- 

n  n  other  fhcut  tUe  /°r€>'peVtrY~ 

dispositional  property  to  Q  is  a. property  of  being  such  that  an 
■ — - - - — - -  — - ~A - - - 

object  would  exhibit  "B"  in  "C".  Therefore 

D*:  "P"  is  a  dispositional  property  if  and  only  if  th^re  are 

"B"  and  "C"  and  a  property  "Q"  other  than  the  property 
of  being  such  that  an  object  would  exhibit  "B"  in  "C", 
such  that  the  following  is  true:  An  object  "x"  has 
"P"  if  and  only  if  "X"  would  exhibit  "B"  in  "C"  and  there 
exists. "Q"  such  that  QX,  and  that  QX  makes  "X"  exhibit 
"B"  in  "C". 

Therefore  a  dispositional  term  like  soluble  can  never  be 
conclusively  defined  operationally  nor  in  any  other  way.  If  we  grant 
that  all  universals  are  disposition  terms,  that  is,  if  we  transcend 
the  etymological  claim  that  suffixes  determine  the  dispositionality 
of  words,  we  will  find  that  for  example,  the  predicate  "soluble" 
cannot  be  reduced  to  non-dispositional  terms.  Carnap's  (48)  "reduction 
sentence"--  (x)  £c(x)  ~3'|s(x)-#->b(x)]  --  (i.e.  if  "X"  is  put  into  water 
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then  "x"  is  soluble  in  water  if  and  only  if  it  dissolves)  reduces 
the  newly  introduced  concept  S  (read  solubility)  to  the  observation 
predicates  "B"  and  "C",  which  are  themselves  capable  of  dissolving 
"x";  and  to  say  that  "x"  has  dissolved  is  to  say  that  it  has  not 
disappeared,  which  implies  that  "dissolved”  itself  is  a  dispositional 
predicate,  indicating  that  "x”  is  "recoverable". 

'  As  Realists  we  should  want  to  avoid  the  circularity  of 
operational  definitions  couched  in  a  phenomenalistic  language.  It 
prevents  the  danger  of  succumbing  to  total  skepticism  about  dispositions, 
as  is  the  case  for  the  Phenomenalist,  whose  certainty  about  dis¬ 
positional  properties  actualize  themselves. 

Phenomenalistic  statements  or  propositions  are  the  least  un¬ 
certain  because  they  are  being  the  least  commit al  in  what  they 
assert,  and  for  this  reason  alone,  they  are  not  interesting  and 
consequential  enough  from  a  scientific  point  of  view. 

Yet  we  must  concede,  that  even  as  Realists,  we  cannot 
reduce  dispositional  terms  or  properties  to  non-dispositional  ones 
in  the  absolute  sense.  The  distinction  we  do  draw  between  a 
categorical  basis  and  the  corresponding  dispositional  property  or 
properties  is  relative  and  depends  on  the  kind  of  dispositional 

property  or  properties  we  deal  with.  But  nonetheless,  making  this 

» 

distinction  represents  a  good  working  hypothesis  within  a  scientific 
context  as  was  shown  by  previous  examples. 

The  legitimacy  of  inferring  from  the  categorical  basis 
to  the  dispositional  property  and  then  to  the  behaviour  of  an  object, 
the  legitimacy  of  prediction  in  general,  is  based  on  the  Realist's 
assertion  that  there  is  a  contingent  relation  between  the  categorical 
basis  and  the  dispositional  property  of  an  object.  The  Realist  must 
therefore  accept  the  Principle  of  Sufficient  Reason  in  order  to  relate 
the  categorical  basis  to  the  dispositions  of  an  object  in  this 
fashion. 


, 
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5 .  Wave-Particle  Duality  Phenomenon  Interpreted  in  Terns  of  a 
Hidden  Variable  Model  and  Dispositional  Properties 


Usual  Interpretation  of  the  Double- Slit  Exioeriment 


Consider  a  source  S  of  micro-objects  X  (e.g.X  ~  electron) 
which  is  so  weak  that  electrons  are  sent  separately  and  independently 
along  the  x-axis  which  is  perpendicular  to  the  screen  I  containing  the 
two  slits  A  and  B.  (c.f.  Fig.  l) 


Fig.  1 


We  assume  that  all  electrons  have  the  same  initial 
momentum  and  therefore  the  same  wave  function  in  the  term  of  a 


plane  wave,  i.e 


{ho) 


According  to  the  usual  interpretation  of  this  experiment, 
the  electron  has  no  trajectory  and  position  at  the  left  side  of 
screen  I  and  is  only  represented  by  the  plane  wave  ^  .  On  screen  I 

the  plane  wave  ^  will  diffract  into  two  cylindrical  waves  centred 
on  the  two  slits  A  and  B.  At  the  right  side  of  screen  I  the  waves 
interfere  and  produce  on  Screen  II  an  interference  pattern  of  high  and 
low  intensities  which  determines  the  experimental  distribution  /  “  '  ' 


■ 
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of  the  impacts  of  the  particle-like  aspect  of  the  electron.  That 
is,  at  screen  II  the  electron's  dispositional  property  to  he  particle¬ 
like  is  manifested. 


However,  at  screen  I  the  electron  manifests  its  dispositional 
property  to  he  wave -like  since  the  interference  pattern  at  screen  II 
is  influenced  through  the  existence  of  the  two  slits  A  and  3  of 
screen  I. 


According  to  the  usual  interpretation  of  quantum  theory 
we  need  two  conceptions  to  characterize  a  micro -object --the  wave - 
conception  and  the  particle-conception .  Now  neither  wave - concept 
nor  particle -concept  is  hy  itself  capable  of  giving  a  full  and 
satisfactory  description  of  matter,  nor  is  it  possible  according 
to  the  usual  interpretation  of  quantum  theory,  that  both  concepts 
can  simultaneously  represent  the  same  micro-object.  (e.g.  electron) 
Our  knowledge  of  the  dispositional  properties  of  the  same  electron 
to  be  particle-like  or  wave -like  is  therefore  reduced  to  utter 
skepticism  except  on  occasions  when  one  of  the  dispositional 
properties  manifests  itself  because  a  correspondingly  suitable 
experimental  arrangement  is  realized.  Hie  orthodox  interpretation  is 
driven  to  this  phenomenalistic  position  since  it  asserts  that  the  same 
electron  does  not  possess  objectively  both  dispositional  properties 
s imu It a neously . 


As  a  consequence,  quantum  theory  does  not  provide  an 
objective  and  precisely  defineable  description  of  the  behaviour  of 
independently  moving  and  precisely  defined  micro-objects,  but  it 
constitutes  a  formalism  which  predicts  the  probability  of  measured 
values  of  experiments.  Bohm  and  Bub  state c  At  best  then,  the  quantum 

theory  can  be  regarded  as  an  elaborate  system  of  algorithms  for 
computing  the  probabilities  of  experimental  results."  (50) 


Moreover,  the 
theory  is  statistical 
since  the  probabilitie 


knowledge  that  can  be  obtained  in  quantum 
in  character,  but  not  in  the  classical  sense, 
s  we  are  dealing  with  in  quantum  theory  do  not 
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result  because  of  our  ignorance  of  some  more  detailed  behaviour  (e.g. 
categorical  basis),  but  represent  "lawless"  distributions.  That  is, 
probabilities  in  quantum  theory  must  be  differentiated  from 
probabilities  in  classical  statistical  mechanics  in  that  quantum- 
mechanical  probabilities  reduce  to  mere  contingencies.  For  this 
reason  statistical  knowledge  in  quantum  theory  is  ultimate  knowledge 
irreducible  (not  even  in  principle)  to  a  more  precise  knowledge  that 
may  take  into  account  hidden  phenomena,  or  hidden  variables.  At 
least  that  is  what  the  orthodox  interpretation  of  quantum  theory 
wants  us  to  believe. 

New  Interpretation  Based  on  a  Hidden  Variable  Model 
and  Dispositional  Properties 

Instead  of  saying  that  the  micro-object  is  either  wave¬ 
like  or  particle-like,  because  it  manifests  the  dispositional 
properties  to  be  wave -like  and  to  be  particle- like  under  mutually 
exclusive  experimental  arrangements,  de  Broglie,  Vigier,  Bohm  and 
others  assume  that  it  is  objectively  both  a  wave  and  a  particle. 

That  is,  they  assume  that  the  same  electron  possesses  simultaneously 
the  dispositional  properties  to  be  wave -like  and  particle-like, 
just  as  in  an  analogous  fashion  a  lump  of  sugar  possesses  simultaneously 
the  dispositional  properties  of  solubility,  hardness,  sweetness  etc. 

As  is  evident  from  the  foregoing  discussion,  to  make  such  an  assertion 
entails  that  one  adopts  a  Realist  account  of  dispositional  properties 
as  discussed  above,  (c.f. p.93-9) 

The  essential  features  of  this  new  interpretation  of 
quantum  theory  are  according  to  Bohm  (51)  as  follows: 

(a)  With  each  micro-object  (e.g.  electron)  is  associated  a 
body  confined  in  a  small  region  of  space.  It  is  assumed  to  be 
smaller  than  the  size  of  an  atom  and  for  all  purposes  it  can  be 
approximated  at  the  atomic  level  by  a  mathematical  point. 


1 
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(b)  It  is  assumed  that  associated  with  this  body  is  a 
wave,  without  which  the  body  can  never  be  found. 

Digression :  A  quote  from  a  recent  paper  by  Capasso,  Fortunato,  and 
Selleri  may  illustrate  the  above  remarks  more  clearly: 


We  start  from  the  following  realistic  postulate: 

An  elementary  particle  is  always  associated  to  a  wave 

objectively  existing.^  This  postulate  is  admittedly 
rather  vague.  The  only  new  fact  is  that  the  wave  is 
postulated  as  objectively  C "Objectively  is  taken  to 
mean:  independently  for  all  observers!  existing.  This 

is  certainly  in  contradiction  with  Q.M.,  where  even  the 
particle,  let  alone  the  wave  cannot  be  assumed  to  be 
objectively  existing.  What  we  claim  is  that  a  theory 
developed  starting  from  the  realistic  postulate  leads 
to  predictions  different  from  those  of  Q.M.  only  for 
experiments  which  have  never  been  done  .  .  .  Further 
comments  about  the  postulate  are  the  following:  'The 
association  of  the  wave  ^  and  particle  must  be  such 
that  the  probability  density  for  observing  the  particle 
is  given  by  lflL  ,  the  familiar  result  of  Q.M.  The  wave 
has  to  be  thought  of  as  a  real  entity  in  some  kind  of 
postulated  medium.  Thus  wave  and  particle  are  reminiscent 
of  a  boat  in  a  lake.  Boat  and  wave  are  both  objectively 
existing  and  are  found  to  be  associated,  in  the  sense 
that  you  cannot  find  a  boat  without  a  wave;  the  opposite 
is,  however,  xsossible.  (52) 

End  of  Digression 


(c)  It  is  assumed  that  the  wave  associated  with  the  body 

will  be  an  oscillation  in  a  new  kind  of  field  represented  mathematically 
by  the  field  of  Schrodinger. 

(d)  The  Schro*dinger  wave  function  represents  an  objectively 
real  field  similar  to  gravitational  and  electromagnetic  fields,  having 
some  new  characteristics  of  its  own.  It  now  represents  not  just  a 
mere  mathematical  formalism  that  calculates  certain  probabilities, 
but  is  an  objectively  real  field. 


' 

, 


• 
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(e)  The  field  satisfies  Schrodinger 1 s  equation  which  consists 
of  a  partial  differential  equation  that  determines  the  future  changes 

of  the  objectively  existing  field  in  terms  of  its  value  at  all 
points  in  space  at  a  given  instant  of  time. 

(f)  It  is  assumed  that  the  field  and  the  body  are  connected 
in  such  a  way  that  the  ^  field  exerts  a  new  kind  of  "quantum- 
mechanical”  force  on  the  body. 

(g)  It  is  also  assumed  that  the  body  may  exert  a  reciprocal 


influence  on  the 


A 


field.  But  this  reciprocal  influence  is  so 
small  that  it  may  be  neglected  in  the  quantum-domain  but  is  likely 
to  be  significant  in  the  sub -quantum  domain,  [the  categorical  basis j  . 

(h)  We  need  not  be  overly  concerned  withthe  precise  nature 
of  the  quantum-mechanical  force  which  the  '/'*  field  exerts  on  the  body 
and  the  reciprocal  influence  on  the  f'  field  by  the  body.  All  that 
is  necessary  is  that  the  quantum  mechanical  force  Is  such  that  it 
produces  a  tendency  to  pull  the  body  into  regions  where  Ifl  is 
largest . 


(i)  This  tendency  is  supplemented  by  random  motions 
undergone  by  the  body,  "motions  .which  are  analogous  to  the  Brownian 
movement".  (53)  This  random  motion  could  for  example  "come  from  the 
fluctuations  of  the  ^  field  itself.  Indeed,  it  has  been 
characteristic  of  all  other  fields  known  thus  far  that  typical 
solutions  to  the  field  equations  represent  in  general  only  some 
kind  of  average  motion  .  .  .  Hence,  it  is  not  unreasonable  to 
suppose  that  the  f  field  is  undergoing  random  fluctuation  about 
an  average  that  satisfies  Schrodinger 1 s  equation  and  that  these 
fluctuations  communicate  themselves  to  the  body.  The  details  of  these 
fluctuations  would  then  represent  properties  of  the  field. associated 
with  a  sub-quantum  mechanical  level  the  categorical  basis  , 
since  the  quant um-mefchani cal  level  is  treated  in  terms  of  the  mean 
part,  which  satisfies  Schrodinger ’ s  equation.  On  the  other  hand,  the 
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bodies  could  obtain  a  random  motion  from  a  sub-quantum  level 

categorical  basis  in  other  ways,  for  example,  as  in  Brownian  motion, 
by  direct  interaction  with  new  kinds  of  entities  existing  in  this 
lower  level."  (5H) 

It  is  not  relevant  to  know  at  this  stage  where  the 
fluctuations  come  from  and  what  precisely  they  consist  of.  From  a 
realistic  standpoint  we  assume  that  there  exists  a  categorical  basis 
tin.  t  is  responsible  for  the  manifestation  of  the  respective  dispositional 
properties,  although  we  may  have  no  precise  knowledge  as  yet  of  its 
specific  structure.  Thus  in  the  present  context  we  assume  that  these 
fluctuations  exist  at  the  sub -quantum-mechanical  level  ^categorical 
basis)  although  their  precise  nature  is  as  yet  not  known . 

(k)  These  postulated  fluctuations  "will  produce  a 
tendency  for  the  body  to  wander  in  a  more  or  less  random  way  over  the 
whole  of  space  accessible  to  it.  But  this  tendency  is  opposed  by 
the  *  quantum- force*  which  pulls  the  body  into  places  where  the 
field  is  most  intense.  The  net  result  will  be  to  produce  a  mean 
distribution  in  a  statistical  ensemble  of  todies,  which  favours  the 
regions  where  the  field  is  most  intense,  but  which  still  leaves  some 
chance  for  a  typical  body  to  spend  some  time  in  the  places  where  the 
field  is  relatively  weak."  (55) 

Bohm  concludes: 

.  .  .  Instead  of  starting  from  Born's  probability 
distribution j/7--  /4't Has  an  absolute  and  final  and 
unexplainable  property  of  matter,  we  have  shown  how 
this  property  could  come  out  of  random  motions  originating 
in  a  sub-quantum  mechanical  level  J_i.e.  the  categorical 
basisjf  (56) 

On  the  basis  of  this  new  interpretation  of  quantum  theory, 
the  wave-particle  duality  phenomenon  can  now  be  explained  as  follows: 
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The  associated  wave  with  the  body  will  as  before  be 
diffracted  through  the  two  slits  A  and  B  of  screen  I.  That  is,  the 
wave-aspect  of  the  electron  passes  through  both  slits  and  a 
distribution  pattern  of  high  and  low  intensity  will  be  obtained 
on  screen  II.  But  the  parti cle-aspect  of  the  electron- -the  body 
associated  with  the  wave- -undergoes  a  random  motion  following  an 
irregular  pattern  and  eventually  passes  through  one  slit,  either 
A  or  B.  To  the  right  of  screen  I  the  body  is  influenced  by  the 
diffracted  wave  and  ends  up  at  a  certain  point  on  screen  II.  After 
a  large  ensemble  of  electrons  have  passed  through  screen  I,  a  statistical 
pattern  of  the  impact -density  is  obtained  which  is  proportional  to 
the  field  intensity  /r  .  "  The  statistical  tendency  to  appear 

where  /r  is  greatest  is  due  to  the  effects  of  the  ''quantum  force' 
while  the  random  motions  explain  why  the  precise  points  at  which  the 
various  particles  appear  fluctuate  in  an  irregular  way."  (57) 

(c.f.Fig.  2) 
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If  we  close  slit  B  fox^xarriple,  then  the  "quantum  mechanical" 
forces  will  he  affected  since  the  wave  ceases  to  have  strong  and 
weak  fringes.  Therefore  the  closing  of  slit  B  influences  the  particle 
even  though  it  passes  through  slit  A.  (c.f.  Fig.  3) 

This  particular  interpretation  of  quantum  theory  provides 
us  therefore  with  a  rational  explanation  of  the  wave -particle  duality 
phenomenon  since  it  assumes  (i)  that  the  same  micro-object  "x" 
possesses  simultaneously  and  objectively  both  dispositional  properties 
to  be  wave -like  and  particle-like  and  (ii)  that  there  is  a  categorical 
basis  (e.g.  sub-quantum  mechanical  level;  hidden  variables)  that 
makes  "X"  (e.g.  X  “  electron)  exhibit  its  wave -like  or  particle -like 
property^  depending  on  the  mutually  exclusive  experimental  arrangements. 

The  usual  interpretation  of  quantum  theory  does  not  offer 
us  any  understanding  of  the  wave-particle  duality  phenomenon.  As 
Bohrn  remarks : 

All  that  we  can  do  is  to  accept  without  further 
discussion  the  fact  that  electrons  enter  the  slit 
system.;  and  appear  at  the  screen  with  an  interference 
pattern.  As  to  how  this  came  about;  such  a  question 
cannot  even  be  raised  within  the  framework  of  the 
usual  interpretation.  (58) 


CONCLUDING  REMARKS 


We  have  demonstrated  that  a  Realist’s  account  of 
dispositional  properties  represents  a  good  working  hypothesis  for 
scientific  research.  It  supports  the  methodology  "behind  the 
line  of  research  undertaken  by  Bohm  and  others  who  find  the  orthodox 
interpretation  of  quantum  theory  inadequate  for  physical,  methodological 
as  well  as  epistemological  reasons. 

Although  the  new  interpretations  do  suffer  from  a  number 
cf  inadequacies  which  we  did  not  discuss  in  detail,  they  provide 
a  new  and  broader  conceptual  structure  which  enables  us  to  raise 
questions  that  cannot  even  be  formulated  within  the  conceptual 
framework  of  the  orthodox  interpretation  of  quantum  theory. 

Thus  the  completeness  of  quantum  theory  cannot  really  be 
questioned,  since  as  we  saw,  the  basic  assumptions  on  which  the 
usual  interpretation  of  the  theory  rests  imply  that  quantum  theory 
must  be  o.ssumed  to  be  complete,  or  as  complete  as  it  can  ever  be. 

Therefore,  the  E.P.R.  paradox,  e.g.,  does  not’ arise 
within  the  conceptual  framework  of  the  orthodox  interpretation  of 
quantum  theory,  because  it  is  assumed  that  the  composite  system  of 
two  particles  that  once  interacted  but  are  now  separated,  must  be 
regarded  as  an  indivisible  whole.  Assumption  A  is  therefore  untenable 
since  we  cannot  treo.t  the  once  interacting  but  now  separated  systems 
as  two  independent  systems. 

But  what  really  does  happen  physically,  when  in  such 
a  situation  we  make  a  measurement- -upon  which  the  state-vector  of  the 
composite  system  collapses  into  an  eigenvector  of  the  composite 
system ? 
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Is  it  advantageous  for  the  theory  that  according  to  it, 
it  is  impossible  to  carry  out  a  measurement  on  only  one  particle  of 
a  system  of  two  particles  regardless  of  how  far  they  are  apart,  because 
the  composite  system  must  always  be  regarded  as  an  indivisible 
whole? 

The  point  is  that  quantum  theory,  by  the  very  nature  of  its 
assumptions,  is  constructed  in'  such  a  way  that  it  excludes  the 
construction  of  the  E.P.R.  paradox  as  a  "paradox"  from  the  very 
outset.  But  this,  we  claim,  does  not  constitute  a  strength  of 
quantum  theory  but  a  weakness  sinte  it  is  unable  to  resolve  the  paradox 
in  the  terms  in  which  the  paradox  is  presented.  It  is  unsatisfactory 
to  simply  assert,  as  does  Bohr,  that  the  two  separated  systems  and 
the  measuring  apparatus  constitute  a  complete  inseparable  unanalys¬ 
able  totality,  and  that  accordingly  the  question  as  to  the  origin  of 
the  correlations,  in  the  spin  problem  for  example,  has  no  meaning 
and  that  such  a  question  should  not  even  be  raised. 

It  is  true  that  at  the  quantum  mechanical  level,  the  interac¬ 
tion  between  measurement  apparatus  and  the  system  observed  is  such 
that  the  two  systems  become  entangled  in  an  intricate  and  complex 
fashion  and  constitute  a  combined  system.  But  we  disagree  with  Bohr 
in  that  we  think  it  possible,  as  Bohrn  points  out,  "that  this  combined 
system  is  at  least  conceptually  analyzo.ble  into  components  which 
satisfy  appropriate  laws"  (19),  that  is,  laws  of  a  deeper  sub-quantum- 
mechanical  level  which  approach  quantum  mechanical  laws  as  an 
approximation . 

We  agree  with  Bohm  that  the  E.P.R.  paradox  can  be  understood 
with  the  aid  of  a  hidden  variable  theory  "  in  a  perfectly  rational 
way,  in  terms  of  a  new  notion  of  coordinated  fluctuations  arising  in 
the  sub -quantum-mechanical  level."  (i.e.  categorical  basis)  ( £0) 
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Moreover,  we  support  Bohm  and  others  who  propose  to  go 
beyond  the  present  limitation  of  knowledge  implied  by  the  orthodox 
interpretation  of  quantum  theory  for  we  be  lieve,  as  Karl  Jaspers 
says,  that  "it  is  incumbent  upon  us  really  to  know  how  much  we  can 
know,  if  we  are  to  attain  to  true  nonknowledge."  (6l  ) 


At  the  same  time  we  must  guard  against  what  Jaspers  calls 
"scientific  superstition"  (Wissenschaftsaberglaube)  (62  )  and  realize 
that  there  may  be  limitations  to  scientific  methods  and  their 
applications.  With  Bohm,  we  do  not  think  therefore  of  hidden 
variable  theories  as  a  return  to  a  Laplacian  determinism,  recognizing 
the  infinitely  complex  structure  of  matter  which  necessitates, 
that  in  all  domains  of  Nature  we  have  a  mixture  of  causal  and 
statistical  laws.  But  we  also  do  not  think  that  the  present  laws 
of  quantum  theory  are  final  and  represent  an  ultimate  limit  to 
our  knowledge.  In  fact,  to  make  such  a  claim  seems  to  us  to  be  a 
kind  of  Wissenschaftsaberglaube  itself. 
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